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Abstract
Ye Xue
DESIGNING SILK PROTEIN-BASED COMPOSITE MATERIALS WITH TUNABLE
HEAT TRANSFER AND MAGNETIC PROPERTIES
2019 - 2020
Xiao Hu, Ph.D.
Doctor of Philosophy
Renewable and biocompatible silk protein materials with desired physical properties
show promising applications in biomedical field. In this work, a set of protein-based
composites with desired thermal and magnetic properties, enhanced by the appropriate
distribution of nanofillers in the protein matrix in both 2D-film and 1D-fiber forms was
investigated. Results indicate that secondary structures of silk protein materials regenerated by
a formic acid-calcium chloride method are different from those of their respective natural silk
fibers. Intramolecular β-sheet structures were found to dominate these silk films, causing these
regenerated samples to be water-insoluble but more flexible than traditional silk films with
intermolecular β-sheet crystals. New renewable thermal management materials based on a
stable composite system of biocompatible silk fibroin protein materials and AlN /BN were
developed. The self-assembly of nanofillers and SF was promoted by water annealing to
enhance the interaction between the phases to reduce the phonon scattering. Thermal
conductivity of the composites was significantly improved. Silk protein with three types of
magnetic nanoparticles were combined and investigated. Results indicate that magnetite (Fe3O4)
and barium hexaferrite (BaFe12O19) can inhibit β-sheet formation due to strong coordination
bonding between Fe3+ ions and carboxylate ions and on silk fibroin chains where cobalt
particles showed minimal effect. All three types of magnetic composites films maintained high
magnetization. This work is significant in that it represents a novel and systematic study on
expanding the potential biomedical applications of a set of protein-based composites.
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Chapter 1
Introduction
1.1 Overview of Protein-Based Polymers
Protein-based polymers are green polymers due to their biological nature and
recyclability [1, 2]. This covers a broad range of biopolymers such as silks, elastin, keratin,
resilin and collagen. They have been used in biomedical fields for many applications
because of their biocompatibility, biodegradability, extraordinary mechanical properties
and economic benefits. Tunable properties of natural proteins can be achieved through
modifying their structure at micro- or nano- scale. It has been a hot topic recently to modify
the protein structure to achieve high thermal conductivity.
1.1.1 Silk
Silk is a well-known natural fiber produced by silkworms or spiders. Silk has been
well studied in the past decades due to its outstanding mechanical durability, stable
chemical properties and good biocompatibility [3]. It can be classified into wild silk and
domestic silk according to the growth environment of the insects. Domestic silkworm’s
silk fiber mainly consists of fibroin and sericin. Silk fibroins accounts for 60-80%, and
sericin account for 20-30%. Sericin functions as natural glue that binds fibroin fibers
together, forming silk fibers [4]. For Bombyx mori silk fibroin, it is characterized with an
unique amino acid sequences of GAGAGS, which contributes to the formation of beta
sheets in the fibroin structure, a hydrophobic block[5]. The high tensile strength of silk
fiber is attributed to the beta sheets, while the hydrophobic block contributes to its
elasticity[6]. Studies have shown that properties of silk-based materials can be effectively
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manipulated through controlling the content and alignment of the beta sheets [6]. Silk
fibroin has been manufactured into nanofibers, particles, scaffold and film that can be
widely used in biomedical field and healthcare industry [7-9]. Regenerated water-based
silk fibroin suspension have been coated onto fruits, and this method can effectively
modulate the gas diffusion through the silk fibroin thin membrane [10]. It can help manage
fruit freshness during the transportation and in the poor areas where they lack refrigerators.
Also, silk fibroin has been manufactured into particles as a carrier for controllable drug
release [8]. Spider silk fiber [36] has been reported with high thermal conductivity, up to
416 W/mK, although this claim is not universally accepted[11-13].
1.1.2 Collagen
Collagen is a structural protein that mainly exist in the extracellular matrix.
Collagen is mostly found in the connective tissues and fibrous of animals, such as tendons,
bones, ligaments and skin [14]. Arranged collagens provide mechanical support in the
connective tissues, while fractional collagen provides toughness and maintain the
anisotropy for the biomineralized material [15, 16]. Most of the collagens found in body
are classified into type I, II or III [16]. All the collagens share the right-handed triple helix
structure feature [17]. Up to 29 types of collagens have been identified according to its
structure diversity, function and splice variants. Collagen is called as the “steel of
biological materials”, and thousands of papers about collagens have been published [18].
Collagens have been widely used in the tissue engineering. It is reported that
oriented collagen tubes (OCT) combined with fibroblast growth factor can accelerate the
repair of sciatic nerve defects in rats [19]. Large and complex 3D scaffold with uniform
2

and homogeneous porous structure can also been obtained through the freeze-drying
method using collagens as raw materials [20].
1.1.3 Keratin
Keratin is a fibrous structural protein that mainly exist in hair, fingernails, scales,
feathers and wools [21]. Keratin is known for its excellent chemical stability, and it is
insoluble in both water and organic solvents [22]. Keratins can be further classified into
type I and type II according to their sequences [23]. They are long and unbranched
filaments containing a central alpha helical domain that separated by three beta-turn
segments[24]. Around thirty types of keratins are divided into acidic and basic groups. Due
to its high molecular diversity, keratin is an important type of intermediate filament. In
epithelia cells, keratin filaments are bundled as tonofilaments, which act as bones of the
cellular scaffold and contribute rigidity to the cell. They can maintain the structural
integrity and sustain mechanical stress [24, 25].
Good biocompatibility and biodegradability has made keratin one of the most
promising biomaterials. Regenerated wool keratin films manufactured from ionic liquid
have been well studied. Beta-sheet and alpha-helix structures can be manipulated through
changing the process parameters [26]. Keratin-PCL nanofibers have been obtained through
electrospinning, and cellular compatibility of the composite nanofibers have also been
proved [27].
1.2 Overview of Applications of Thermal Conductive Biopolymers
Biopolymers are polymers that have components found in nature. They can be
synthesized naturally or man-made. Similar to synthetic polymers, biopolymers are long
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chain molecules with many repeating units. Based on their main components, biopolymers
can be specified into three main categories: proteins (e.g. silks, elastin, resilin, keratin,
collagen, and variable plant proteins), polysaccharides (e.g. cellulose, starch and chitin),
and nucleic acids (e.g. deoxyribonucleic acid and ribonucleic acid). In addition to
biomedical applications, biopolymers, especially protein polymers, are also widely used in
green applications, which significantly reduce or eliminate the use or production of
substances hazardous to humans, animals, plants, and the environment [28]. Figure 1.1
shows the general pathway that raw protein materials can be processed into flexible 2D
materials with enhanced thermal conductivity.
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Figure 1.1 Illustration of the relations between raw protein materials, material processing
and flexible thermal conductive protein materials. Tunable thermal conductivity can be
achieved through modifying the structure of protein structures.

Thermal conductivity describes the transport of heat through a material body,
driven by a temperature gradient. With the rapid development of delicate high-tech
instruments, such as ultra large scale integration (ULSI) in digital device and
communication equipment, special materials with tunable thermal conductivity or heat
transfer direction are in tremendous demand [29, 30]. A better understanding of the thermal
conductivity of materials will enhance current material design techniques and applications
5

in various fields. Typically, most polymers are classified as poor conductors, while metals
are generally very good conductors. As shown in Table 1, the thermal conductivity of
Nylon 6 is 0.25 W/m∙K, compared to 400 W/m∙K for copper [31]. The contrasting thermal
conductivity values of these two materials in specific, or polymers and metals in general,
are caused by their different principles of heat transport [32, 33]. In metals, their thermal
conductivities can be attributed to free electrons, which transfer energy. However, for
polymers, heat conduction takes place through lattice vibrations (phonons). In general, the
amorphous structure in polymers results in a decrease in the mean free path of phonons,
which lowers the material’s thermal conductivity. Moreover, defects in bulk polymers,
voids, chain ends, interfaces and impurities also affect a material’s thermal conductivity.

Table 1.1
Thermal conductivity values of common polymers and metals at room temperature [3440]
Material
Thermal conductivity(W/m∙K)
Low density polyethylene (LDPE)

0.3

High density polyethylene (HDPE)

0.44

Polycarbonate

0.22

Polyvinyl chloride (PVC)

0.19

Nylon-6 (PA6)

0.25

Polythiophene nanofibers (amorphous)

~4.4

Polyethylene nanofibers

~104

Silkworm silk (axial direction)

~6.53
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Table 1 (continued)
Material

Thermal conductivity(W/m∙K)

Flax fiber

0.1187

Squid protein

0.3-1.3

Silk/wool hybrid

0.000397-0.000663

Human skin

0.23-0.488

Aluminum

235

Copper

400

Nickel

158

Gold

345

Aluminum

235

Diamond

1000

The thermal conductivity of polymers is normally on the order of 0.1 W/m∙K, which
makes most polymers good thermal insulators. Their insulating properties can be enhanced
by foaming them and controlling the pore size in the foams. Today, polymer-based thermal
insulation materials have been used in space technology [41], for example, to prevent the
temperature increase of the spaceship motors to maintain their structural integrity.
Polymer-based thermal insulation materials are also an important part of buildings,
electrical power lines, and clothing for firefighters [42-44]. Due to their low density, low
thermal expansion and low maintenance, these materials could be utilized in
microelectronics, automobiles, and satellite devices as well.
On the other hand, with appropriate nanostructure, polymers can also possess very
high thermal conductivity. For example, polymer nanofibers grow in a limited nanotube
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space have been found to have a thermal conductivity of up to 100 W/m∙K [34], and it can
maintain the ultrahigh thermal conductivity over a wide range of temperature without
degradation.
Compared with biopolymers, however, most synthetic polymer materials or metals
with high conducting or insulating properties have obvious drawbacks for certain
applications. For instance, thermal transfer films made of polyurethane and polystyrene
have a limited temperature usage range because of flammability. Besides, synthetic
polymers are often non-biocompatible, which may produce toxic residues when they are
used as biomedical materials or food packaging materials. Although metals have high
thermal conductivities, they are also electrically conductive and are not mechanically
flexible. Nevertheless, thermal transfer biopolymer materials, such as silk, collagen and
keratin, are mechanically flexible, naturally fire retardant, transparent and biocompatible.
The relationship between hardness and thermal conductivity in current market is shown in
Figure 1.2. Protein polymers, such as silk, can be manufactured into diverse applications,
such as sensor parts, aerospace recycling components, electrical products, medical
materials, and textile materials [45-49]. Due to their light weight, flexibility, easy
processing and corrosion resistance, biopolymer insulators or biopolymer materials with
high thermal conductivity have attracted much attention recently [34, 50-52]. With
numerous ongoing studies to increase their thermal conductivity and a tremendous potenial
market in the future, protein-based thermal conductive materials may have vast application
in green and sustainable material industry in the future.
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Figure 1.2 A and B are the ideal areas of thermal conductive and thermal insulating
materials using protein-based polymers, respectively; C areas represent metal-based or
ceramic-based materials that have both high thermal conductivity and high elastic modulus;
D areas represents the typical synthetic polymer-based heat transfer materials that currently
exist in the market.

1.2.1 Parameters to Influence the Thermal Conductivity of Protein Polymers
In general, the Debye equation (Equation 1.1) [53] is used to model the thermal
conductivity  of isotropic 3-D materials due to the phonon transport [54]:
1
𝜅 = 𝐶𝜐𝑙
3

(1.1)

where C is the volumetric heat capacity, v the speed of sound, and l the mean free path of
the phonons, which is limited by point defects, scattering from sample boundaries, and
phonon-phonon interactions [55]. The thermal conductivity of protein polymer materials
can be governed by many factors, such as crystallinity, molecular chain alignment,
temperature, moisture, impurities, interfaces, and chemical bonds. Therefore, many recent
studies have focused on manipulating thermal conductivity of polymer materials at microand nano-scales [56-68].
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1.2.1.1 Crystallinity. Many experiments have proved that polymers with high
crystallinity have much higher thermal conductivity values compared to that of
amorphous counterparts [32, 34, 69-73]. Amorphous structure decreases the mean free
path of phonons, and disordered alignment will scatter phonons and decrease the speed of
sound v, which can be seen in Figure 1.3. Xu et al. reported that less crystalline structure
and more random coils would contribute to the relatively lower thermal conductivity of
hexafluoroisopropanol (HFIP) film of L. hesperus [69]. On the other hand, Shen et al.
found that thermal conductivity of polyethylene nanofibers fabricated by a ultra-drawn
method can reach as high as 104 W/m∙K [34]. After crystallization, the crystallinity of the
polymer materials can be improved, with nanofibrous structures formed with an almost
perfect orientation following the crystalline direction. A mechanism was proposed in
Figure 1.4 to help understand this idea. It was also believed that the density defect of
polymers would decrease after a crystallization process.

Figure 1.3 Effect of crystallinity on heat transfer: (a) structure of bulk polymer material
with low crystallinity; (b) structures of polymer material with higher crystallinity.
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Figure 1.4 Effect of crystal alignment on heat transfer:(a) structure of bulk crystalized
polymer with less crystal alignment; (b) structure of stretched crystalized polymer with
good crystal orientation.

1.2.1.2 Chain Orientation. High degree of chain orientation can help increase the
thermal conductivity of polymers even with an amorphous conformation [74-77]. For
example, progress has been made recently by Singh et al. [78] to improve the thermal
conductivity of amorphous polythiophene using a nano-scale design method. The
molecular chain orientation in the cross-plane direction of polythiophene was
significantly improved during electropolymerization through a nanoscale template
(Figure 1.5b). The thermal conductivity of formed amorphous polythiophene reached up
to 4.4 W/m∙K, compared to 0.2 W/m∙K of the bulk polymer. The smaller the diameter of
the nanofiber, the higher its degree of orientation and likewise thermal conductivity were.
It was hypothesized that the enhancement of chain orientation in polythiophene
11

nanofibers increased the speed of sound in materials while decreasing the phonon
scattering. This was subsequently confirmed by molecular simulation studies [79].

Figure 1.5 Effect of molecular chain alignment on heat transfer:(a) structure of bulk noncrystalized polymer with less chain alignment; (b) structure of stretched non-crystalized
polymer with good chain orientation.

1.2.1.3 Composites. Another effective way to improve the thermal conductivity
of polymers is to mix them with nano-structural materials that have high thermal
conductivity, such as carbon nanotubes, graphene, boron nitride nanosheets, nano-scale
aluminum nitride, and copper nanoparticles [55, 80-90]. Nanostructure fillers are not only
used in elevating thermal conductivity but also in controlling electrical and mechanical
properties of polymer composites [77, 80]. The thermal conductivity of a polymer
composite can be directly controlled by the filler’s size, shape, volume fraction and
distribution in the polymer matrix.
For example, it was demonstrated that polyvinyl alcohol (PVA) incorporated with
boron nitride nanotubes can be electrospun into composite mats with a much higher thermal
12

conductivity than that of pure PVA mats [77]. The thermal conductivity of the film
increased as the volume fraction and alignment degree of nano-filler increased. It is noted
that nano-structural materials can provide a better thermal transport path which limits
phonon scattering.
Due to the different phases in the polymer composites, which are phonon-based
conductors, it is unavoidable that phonons would scatter at the interfaces. Therefore, the
size and shape of the filler is important. A recent study reported that thermal conductivity
of polymer composite decreased as the filler particle size increased when the filler volume
fraction was above 5%, as shown in Figure 1.6 [91].

Figure 1.6 Different impacts of filler diameter and volume fraction on thermal
conductivity of composites. [91].
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1.2.1.4 Other Parameters. Researchers have shown that the  values of polymer
nanocomposites can increase with the temperature [92, 93]. Besides, it is also believed
that the chemical process can help improve the interfacial bonding between the graphite
nanoplatelets (GNPs) and polymer matrix, which also increased the  values of the
nanocomposites [92]. As reported by C. Cassignol et al., the  values of polypyrrole
increased with the moisture content, especially from 8.5% to 13.5% [94]. Therefore, in
addition to parameters such as crystallinity, chain orientation and fillers, thermal
conductivity of polymer also varies with the change of temperature, moisture and other
factors [55, 94, 95]. Due to the anisotropic property of polymer, thermal conductivity of
polymer in the cross-plane direction or the in-plane direction is also different [96].
1.2.2 Experimental Setups to Measure the Thermal Conductivity of Protein-Based
Materials
Owing to the biodegradable and biocompatible properties of silks, silk-based
composite materials have been used as artificial tissue scaffolds and medical products.
Because of their low electrical conductivity and outstanding mechanical properties, silk
fibers have also been made into various forms, which have huge potential applications for
digital devices [97, 98]. Because of their broad applications in biomedical field, the thermal
conductivity values of collagens and keratins were also measured previously [99, 100].

 is defined by the heat flow due to a temperature gradient. More precisely,

𝜅=

𝑄𝐿
𝐴𝛥𝑇

(1.2)
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where L is the length, A the cross-sectional area and T is the temperature difference across
the ends of the sample. Fourier’s Law states that
1 𝑑𝑄
𝑑𝑇
= −𝜅
𝐴 𝑑𝑡
𝑑𝑧

(1.3)

where dQ/dt is the rate of heat flow along the z direction, and dT/dz the resulting thermal
gradient. Many techniques have been developed in the last decades to measure the thermal
conductivity of solids, nanoparticles and nanofluids [101-105]. Thus, different kinds of
experimental setups, as described below, have been made to measure the thermal
conductivity of protein-based biopolymers [30, 61-63, 69, 100, 106, 107].
1.2.2.1 Temperature-Modulated Differential Scanning Calorimetry Method.
Differential scanning calorimetry (DSC) is a thermal analysis technology that can be used
to measure various thermal and chemical properties of materials, such as glass transition
temperature, decomposition temperature, melting point, crystallinity and oxidative
stability, based on measuring the heat flow into or out of the specimen as a function of
temperature or time [108-110]. Temperature-modulated differential scanning calorimetry
(TMDSC) [111] divides the total heat flow into reversing part (heat capacity) and nonreversing part (kinetic). As a result, specific transition information, direct measurement of
heat capacity and higher sensitivity can be obtained. TMDSC method was used to
measure the thermal conductivity of silkworm cocoon in the cocoon sheets (thickness)
direction [63, 70, 111].
As reported by Zhang et al., the measurement was under the protection of nitrogen
gas, and the TMDSC had a temperature amplitude of ± 1℃ and 60 s period. For a circular
cylinder sample, the principle of measurement is based on Equation 1.4 listed below:
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𝜅0 =

8𝐿𝐶 2

(1.4)

𝐶𝑝 𝑚𝑑 2 𝑃

where 0 is the measured thermal conductivity, d the diameter, P an experimental
parameter, m the mass of the circular cylinder sample, C the apparent heat capacity, and Cp
the specific heat capacity of the sample, which can be measured directly by the TMDSC.
Because of the heat loss through side areas of the circular cylinder sample, which resulted
in the measurement discrepancy,  is ultimately determined by:
1
1
𝜅 = [𝜅0 − 2𝐷 + (𝜅02 − 4𝐷𝜅0 )2 ]
2

(1.5)

where D is the thermal conductivity calibration constant, determined by 0 and the thermal
conductivity of the reference sample.

Figure 1.7 Schematic of the differential scanning calorimetry method. [112].
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Figure 1.7 shows the schematic of TM-DSC method. In principle, the discrepancy
from the purge gas may be reduced effectively with a low thermal conductivity purge gas,
such as argon. Based on various assumptions [111], the accuracy of this method is around
3-4% from the values measured from other techniques. Besides, this method is also limited
to measure the thermal conductivity in the range from 0.1 to 1.5 W/m∙K. In addition, there
are also studies conducted with the conventional DSC recently [70, 112-115]. Therefore,
the DSC methods are simple accessible techniques to measure the thermal conductivity of
biopolymer insulators in the future.
1.2.2.2 3- Method (Transient Hot Wire Method). 3- method is a contact
measurement system that has been widely used to measure the thermal conductivity of
thin films for several decades [105, 116]. Compared to non-contact measurements, it does
not require expensive devices with a complicated setup. A typical experimental setup for
the 3- method is shown in Figure 1.8. As reported by Delan et al. [106], this method
was used to test the thermal conductivity of porous silk film in thickness direction. For
this method, a narrow metal line is patterned on the surface of the film sample directly.
Alternating current at angular frequency  is applied to the metallic strip, and Joule
heating is caused at a frequency of 2. In addition, the temperature-dependent resistance
of the metal results in a voltage of third harmonic 3. Thus, thermal conductivity of the
silk film in thickness direction can be obtained from the correlation curves of the
temperature vs. the voltage frequency [116].
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Figure 1.8 Experimental setup of the 3-w method. A is the top view of the measurement
setup, and B is the side view of the setup.

Even though the 3- method is a simple, fast, low-cost method with high accuracy,
this technique is limited to nonconductive materials previously [117]. Therefore, many
extended/modified techniques have been developed recently to solve this problem, which
also simplified the technique and increased the measurement accuracy [62, 117].
1.2.2.3 Transient Electrothermal Technique (TET) method. Based on the
original 3- method, the transient electrothermal technique (TET) [118] was developed
by Liu et al. [62] to test the thermal conductivity of silk fiber in the axial direction.
Figure 1.9 is a schematic of the TET method[62]. In order to keep the heat flow in one
dimension, length L of the silk fiber is ensured to be much longer than its diameter. A
thin gold film is coated on the silk to make it electrically conductivity. The two ends of
the silk fiber are fixed on the copper base by silver paste with direct current (DC) fed
18

through it. An oscilloscope is used to record the current and the induced voltage as a
function of time. The measured thermal conductivity 0 is then calculated from Equation
1.6:
𝜅0 = 𝐼 2 𝑅𝐿⁄(12𝐴𝛥𝑇)

(1.6)

where I is the current, R the total resistance of silk fiber and gold film, L is the length of
the silk fiber, A is the total cross-sectional area of the silk fiber and gold film and ΔT the
temperature difference. ΔT can be determined from the resistance change R and the
measured temperature coefficient of resistance η. Because of the gold film radiation, as
well as the heat convection between the gold film and the surrounding gas, the value of 
of the silk fiber can be determined:
𝜅 = 𝜅0 −

𝐿𝐿𝑜𝑟𝑒𝑛𝑧 𝑇𝐿

(1.7)

𝑅𝐴

where LLorenz is the Lorenz number.
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Figure 1.9 Schematic of the transient electrothermal technique (TET). [62].

1.2.2.4 Photothermal Technique. Photothermal technique (PT) method is an
efficient way to measure thermal conductivity of carbon nanotubes, composite films and
thin metal layers [119-122]. As reported by Xu et al., PT was used to measure the
thermal conductivity of spider silk films [69]. The schematic and principle of PT method
are shown in Figure 1.10. Due to high thermal conductivity of gold, a thin gold film is
coated onto the surface of the silk films. In this technique, the gold film is irradiated and
heated by a modulated-intensity laser. Due to the thermal excitation, the temperature of
the silk film changes periodically with a phase shift. Based on the relation between the
phase shift and thermal property of the silk film, thermal conductivity of the silk film is
20

measured by fitting the phase shift as the function of the modulation frequency of the
laser. Besides, the thermal conductivity can also be calculated from fitting the amplitude
of thermal radiation from the gold film. Compared to the previous method, the second
one has a larger discrepancy. Therefore, it is useful to have a comparison and check the
results of phase shift.

Figure 1.10 A schematic for photothermal technique (PT) b. principle of photothermal
technique (PT). [69].
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1.2.3 Thermal Conductivity of Different Types of Protein-Based Materials
There are many studies discussing the thermal conductivity of silkworm silk. At
relaxed condition, the thermal conductivity of silkworm silk in the axial direction is 0.042
W/m∙K[62]. Under tension, the thermal conductivity increases. At 68% elongation,
silkworm silk achieves its highest thermal conductivity of 13.1 W/m∙K[62]. Beyond that
elongation point, its thermal conductivity and diffusivity decrease rapidly with strain.
In a study reported by Huang et al., spider silk had the thermal conductivity
increased from 348.7 to 415.9 W/m∙K under a strain of 3.9% and 19.7% respectively.
Spider silk highest thermal conductivity value is approximately 1000 times higher than that
from B. Mori silk at the normal condition (416 W/m∙K in comparison to 0.37W/m∙K).
However, this claim is not universally accepted. The measured thermal conductivity and
thermal diffusivity of Nephila (N.) clavipes spider silk reported by Xing et al was 1.2 W/m
K and 6 × 10−7 m2 s−1, respectively[11]. Xing and coworkers explained the thermal
conductivity difference may be attributed to the vacuum level and heat transfer analysis
method. Results published by Fuente et al[13] show that the thermal diffusivity of spider
silk is around 0.20 mm2 s−1, which is 400 times lower than the value reported by Huang et
al[61]. Due to the extremely thin diameter of spider fibers, it’s a challenge to get the
accurate thermal conductivity and thermal diffusivity, and more research should be
conducted in this field.
Thermal conductivity values of collagens and keratins were reported before. It
showed that the thermal conductivity of sheep collagens to be a linear function of
temperature (25 °C< T < 50 °C), and the values are around 0.53 W/m∙K [99]. The thermal
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conductivity of keratins (wool fibres) was measured in as earlier as 1945. The thermal
conductivity of wool fibers in the diameter direction is around 4.62×10-4 W/m∙K, which
suggested that the wool fibers could be near perfect thermal insulation materials[100].
1.2.4 Thermal Conductivity Differences between 1-D Fibers and 2-D Films
Compared to silk films, the structure of silk fiber is much simpler. The structure of
single silk fiber can be easily characterized and manipulated. By comparing the thermal
conductivity of the silk fiber and of the modified silk fiber in the axial direction, Liu et al.
reported that the thermal conductivity of silkworm silk fiber in axial direction ranges from
0.54-6.53 W/m∙K. When the silk fiber was stretched to different elongation by a springcontrol device. The thermal conductivity of the stretched silk fiber increased. When the
elongation was 63.8%, thermal conductivity of the stretched fiber was up to 13.1 W/m∙K.
However, thermal conductivity of both silkworm silk films and spider silk films in the
thickness direction is only in a range from 0.15-1 W/m∙K [30, 63, 69, 106].
In these studies, Raman spectra, scanning electron microscopy [123], differential
scanning calorimetry (DSC) and infrared spectroscopy (FTIR) are used to characterize the
structure of the films and the single fibers. It is revealed that higher crystallinity and
molecular chain alignment will result in a higher thermal conductivity. For example, when
a single fiber is strained at, the crystallinity increases, which means the amorphous
structure transforms into β-pleated sheets. As for silk films, due to its uncontrolled process
of synthesis, lower degree of alignment, less crystallinty, porosity and structural defects
result in relatively low thermal conductivity in the cross-plane direction.
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1.3 Overview of Magnetic Applications of Biopolymers
Magnetic materials have been widely used in biomedical fields, such as targeted
drug delivery and tumor hyperthermia. Physical and chemical properties of the materials
can be adjusted through modifying the shape, size, composition and surface chemical
properties of magnetic particles. Magnetic materials are usually composed of iron, cobalt
and nickel and their compounds. The size of magnetic nanoparticles varies between a few
nanometers and 100 nanometers. The nano-scale size of the magnetic nanomaterial
structure makes it have significant small size effect and interface effect. This also makes
magnetic nanomaterials have many excellent properties that large-size magnetic materials
do not have. Taking advantage of its nano-scale size, magnetic nanoparticles and
biomacromolecule materials with good biocompatibility can be combined to prepare new
biomaterials that can be used in a variety of applications. Study on applications of magnetic
nanoparticles as drug delivery systems has caught a lot attention in recent years. By
modifying the surface of the magnetic nanoparticles and then self-assembling with the
polymer, the magnetic nanoparticles can be used to deliver drugs. One advantage is that
the size of the magnetic nanoparticles will not block blood vessels, thereby avoiding
clogging of blood vessels. Under the magnetic guidance of the applied magnetic field,
magnetic nanoparticles loaded with drugs can be accurately moved to the diseased tissue,
thereby improving the effect of the drug and reducing its side effects. Magnetothermotherapy is a promising approach to treat cancer. The principle is to inject magnetic
nanoparticles into the tumor tissue, and an alternating magnetic field was applied to heat
the magnetic nanoparticles and its surrounding tissues, thereby killing the cancer cells. By
controlling the saturation magnetization, size and shape of the nanoparticles, the heating
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efficiency and curative effect of the magnetic nanoparticles can be improved. Natural green
polymer materials such as silk proteins, keratins and polysaccharides have excellent
biocompatibility and mechanical properties. If magnetic nanoparticles are combined with
these natural green polymers, the application of magnetic nanoparticles in the field of
biomedicine will be greatly expanded.
The magnetization (M) describes the degree to which the magnetic material is
magnetized in the applied magnetic field (H).
𝑀 = 𝑥𝐻

(1.8)

Where M is the magnetization, H is the applied magnetic field strength, χ is the
magnetic susceptibility.
According to the magnetic strength of magnetic substances, magnetic materials can
be divided into paramagnetic, diamagnetic, ferromagnetic and antiferromagnetic material.
Paramagnetic, diamagnetic and antiferromagnetic materials have weak magnetic
properties, and their magnetic susceptibility is about 10-5. Ferromagnetic materials have
strong magnetism, and their magnetic susceptibility can be up to 106. Ferromagnetic
materials can exhibit strong magnetization even in a weak magnetic field. When the
external magnetic field is removed, the ferromagnetic substance can still maintain the
magnetization in the direction of the applied magnetic field. The saturation magnetization
(Ms) refers to the maximum magnetization that a magnetic material can achieve when it is
magnetized in an external magnetic field (H). It depends on the atomic composition of the
magnetic material, the influence of the magnetic moment and the ambient temperature. For
ferromagnetic materials, with the gradual increase of the strength of the external magnetic
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field, the magnetic particles spin in the ferromagnetic material was magnetized, and the
direction is consistent with the external magnetic field direction. When the H value is
sufficiently high, the magnetization of the ferromagnetic material reaches the maximum
(Ms). At this time, the spin orientation of all magnetic particles in the ferromagnetic
material is consistent with the external magnetic field (H). When the magnetic field
strength decreases, the residual magnetization will continue to exist without applied
magnetic field, and the coercive field M will only change sign when the magnetic field is
opposite to the magnetization of Hc. The equations of magnetization of magnetic materials
and applied magnetic field strength (H) are shown as M-H hysteresis curves (Figure 1.11).
The shape of the magnetic material affects the magnetization direction of the
magnetic material. When the shape of the material is ellipsoid, the magnetic material is
more likely to be magnetized along the long axis of the ellipsoid. The magnetic field lines
are always closed loop, and the demagnetizing field (Hd) is opposite to the magnetization
direction of the ferromagnetic material (Figure 1.11). Therefore, the actual magnetic field
𝐻 = 𝐻𝑎𝑝𝑝 + 𝐻𝑑

(1.9)

where 𝐻𝑑 = −𝑁𝑀 . 𝐻𝑎𝑝𝑝 is the applied magnetic field strength, and N is the
demagnetization factor. For spherical particles, N = 1/3. For long rods, N = 0 along the axis
and N = 1/2 in the lateral direction. In addition, spherical particles and long rod-shaped
particles are subjected to different forces in the magnetic field. The magnetic torque density
is given by
𝜏 = 𝜇0 𝑀 × 𝐻
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(1.10)

where µ0 is the permeability of vacuum. When the axis of the particle and the direction of
the applied magnetic field 𝐻𝑎𝑝𝑝 are not parallel, then H and M are not parallel. Therefore,
the magnetic field will generate magnetic torque on the magnetic particles (Figure 1.11).
Magnetic torque tends to align the axis of the object with the smallest N value with the
magnetic field. This means that the spherical particles have no torque, and the main axis of
the needle tends to be oriented along H.

Figure 1.11 Schematic M-H curves of a) a ferromagnet and b) a superparamagnet; c) A
schematic showing the demagnetization field in a spherical magnetic particle; d) A
schematic showing a non-spherical magnetic particle can experience a magnetic torque
even in a uniform field[124].
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1.4 Research Background and Motivation
In the past few decades, synthetic polymers have been well studied. However,
biopolymers such as proteins have received more attention due to their good
biocompatibility, non-toxicity and controllable biodegradation[125]. Many types of natural
proteins are available in large quantities, such as silks, wool keratins, and corn zeins.
However, the lack of manufacturing and processing technologies still hinders the full
potential of biopolymer materials - especially the application of protein materials with
enhanced functional properties on an industrial scale.
Three main application barriers are as follows: (1) Pure protein materials generally
do not have high thermal conductivity, strong magnetic properties or large dielectric
constants. (2) Synthetic polymers do not have the same biocompatibility as natural proteins,
which are more non-toxic and biodegradable. (3) It is difficult to uniformly distribute and
align the nanoparticles in the synthetic polymer matrix to prepare a polymer-based
composite material with enhanced functional properties. Synthetic polymer solutions
generally have a higher viscosity, which is favorable to the formation of non-uniform large
aggregates. Compared to synthetic polymers, natural proteins may be more promising in
the biomedical field due to their good biocompatibility and non-toxicity. Natural proteins
are a good substitute for polymeric materials. Studies have shown that silk protein can be
easily dissolved with aqueous and acid methods. In this proposal, I will also use external
physical field to fabricate biopolymer-based composites with good molecular chain
alignment and optimized nanoparticle distribution. This opens the door to mass production
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of biopolymer composites with enhanced physical properties and can be used for largescale industrial production in the future.
1.5 Project Overview and Objectives
The overall objective of this dissertation is to investigate a set of protein-based
composites with desired physical properties, enhanced by the appropriate distribution of
designed nanofillers in the protein matrix. It is expected to achieve tunable thermal,
magnetic, and dielectric properties for these biomaterials with desired mechanical
properties. The mechanism of interaction between protein molecules and nanofillers will
systematically examined. Due to their good biocompatibility, natural proteins, such as silk,
keratin, elastin and collagen, have been manufactured into scaffolds, fibers, films, and
particles, and researches have proposed to use them for drug delivery, joint replacement,
bone plates, contact lenses and surgical mesh [125-129]. A composite material is a material
that consists of two or more components with significantly enhanced physical or chemical
properties that outperform that of the individual components. However, most of the
previous and current studies have focused on manipulating the properties of pure
biomaterials, which limits the maximum performance of the physical properties as well as
their applications. At the same time, there are many limitations in the manufacture of
synthetic polymer matrix composites such as their poor biodegradability and
biocompatibility while the relatively slow progression in developing pure polymer-based
biomaterial from promising research in the laboratory to practical industry manufacture
technology has demonstrated the need to develop protein-based composites. Therefore,
there is a reasonable expectation that novel composites with enhanced physical properties
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may be achieved through study on the protein-based composites to be used for biomedical
and bioelectronics applications.
This thesis aims to apply a simple method to fabricate a set of protein-based
composites with enhanced physical properties, such as thermal conductivity, magnetic
response, dielectric constant and thermal stability, through advanced processing to
manipulate the nanofillers/particles distribution, orientation and size in the matrix.
Specifically, I propose to fabricate protein-based composites with optimal distribution of
nanofillers and ordered protein chain alignment with the aid of physical field (stress and/or
magnetic). Study has shown that composites can achieve better properties with the addition
of nanoparticles, which is attributed to the physical presence of nanoparticles and by the
interaction between nanoparticles and polymer matrix [130]. However, polymer
nanocomposites have not always shown expected improvement in the relevant
performance. For example, the mechanical property of polymer-matrix nanocomposites is
supposed to be reinforced with the addition of graphene, which has extremely high strength
up to 130 GPa and Young’s modulus up to 1 TPa [131]. Graphene-reinforced polymermatrix composites have not always demonstrated better mechanical properties[132]. It has
been hypothesized that this is due to the poor distribution and random alignment of
graphene in the polymer-matrix. The degree of agglomeration of graphene nanosheets
might negatively influence the mechanical property of the composite [131]. Efforts have
also been made to improve the distribution of nanoparticles in the synthetical polymer
solution. However, due to the high viscosity of synthetic polymer solution, it is very
difficult to achieve expected results [133, 134]. Study has shown that both aqueous silk
solution and acid silk solution has relatively low viscosity, which might be beneficial to
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improve the distribution of nanoparticles in protein matrix [135, 136]. Multiple studies
have also demonstrated good biocompatibility of protein biomaterials [137-139]. Therefore,
I will investigate the processing methods that allow us to finely control the distribution of
nanofillers in the biopolymer matrix using force field, magnetic field or electrical field.
Our preliminary work and expertise in biomaterial fabrication and characterization
demonstrate our ability to successfully carry out the two main objectives of this project.
Objective 1: Optimize the method to fabricate protein composite solutions with
different types and contents of nanoparticles. I hypothesize that the optimized method can
be fast and easy. The molecular weight and microstructure of the natural protein fibrils can
be well maintained.
Objective 2: Investigate the relationship between the processing parameters and the
physical properties of biopolymer-based composites such as heat transfer, magnetic, and
dielectric properties.
Sub-objective 2a: I hypothesize that the applied physical field (stress and/or
magnetic,) can finely control the protein chain alignment and the distribution of
nanoparticles in the biopolymer matrix. I will investigate the relationship of nanoparticles
distribution with the applied physical fields in one or two dimensions.
Sub-objective 2b: I hypothesize that applied physical field will result in biopolymer
composites with enhanced functional properties. I will investigate the relationship of these
final functional properties to the manufacturing conditions.
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Chapter 2
Mechanism of Self-assembly: Silk Materials Fabricated from Formic Acid and
Their Properties
2.1 Introduction
Silk fibroin (SF) is one of the most promising biomaterials studied in recent years
because of the performance of its mechanical properties and also that it is environmentally
friendly and biocompatible[140]. Through controlling the secondary structure of proteins,
various morphologies of silk-based biomedical materials have been made, including tubes,
sponges, hydrogels, fibers, and thin films[141-146]. Silk-based composite materials have
also been fabricated with novel physical, chemical, and optical properties, which have been
utilized in electrical and chemical fields[147-150]. However, many studies[141-143, 151]
have demonstrated that the water-based regenerated SF materials in the dry state are very
brittle and rigid after crystallization and thus not suitable for many applications. The
traditional water-based synthesis method is also very time-consuming, and the samples
made by the process are initially water-soluble, requiring further treatments such as
methanol annealing, water annealing, thermal treatment, and mechanical pressing[143,
151-153] to induce insolubility through the formation of intermolecular β-sheet crystals.
Therefore, a novel regeneration method to quickly induce both insolubility while retaining
flexibility of SF materials is desired.
One potential option recently brought to attention is a formic acid (FA)-based
fabrication method that has proven to be successful on Bombyx mori silk materials[154161]. However, the utility of this method on the silk from other species has not been studied.
In nature, Mori and Thai Bombyx silks, both produced by cultivated mulberry silkworms,
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have been used as luxurious textile commodities for centuries[1, 4, 8, 125, 162]. The white
Mori silk comes from China, and the yellow Thai silk is from Thailand. Other silks from
wild silkworms are often mechanically stiffer than that from the domesticated species. Dark
tan Tussah silk is produced by Antheraea mylitta, light tan Muga silk comes from
Antheraea assamensis, and Eri silk is from Philosamia ricini[163]. In the present research,
I comparatively studied these five different types of regenerated silk protein films (Mori
(China), Thai, Eri, Muga, and Tussah) produced by the formic acid-calcium chloride
method, with a focus on the insolubility and flexibility. The function of calcium ions in
these silk materials is also discussed, which can act as plasticizers to interact with the silk
structure and prevent the molecules from forming stacked β-sheet crystals.
The FA regenerated films are water-insoluble and mechanically flexible in the dry
state after direct solution casting, and no further physical or chemical treatments were
needed for cross-linking. Using different methods, I comparatively demonstrate that the
structural and physical properties of the original silk fibers (predominantly intermolecular
β-sheet crystals or silk II), water-based regenerated films (predominantly random coils or
α-helix), and these FA-based regenerated films (predominantly intramolecular β-sheets or
silk I) are completely different. Furthermore, the material properties, such as morphology,
content of protein secondary structures, thermal and enzymatic stability, as well as
mechanical properties of samples, are also investigated. A model is developed to explain
the insolubility and flexibility mechanism of the regenerated films fabricated from this FAbased method, which can expand the potential applications of silk materials.
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2.2 Experimental Section
2.2.1 Materials and Preparation
Silk cocoons of P. ricini (Eri), A. assamensis (Muga), and A. mylitta (Tussah) were
obtained from India, while B. mori silkworm cocoons were obtained from China (denoted
as Mori) and Thailand (denoted as Thai), separately. To remove the sericin coating on the
silk fibers, the silkworm cocoons were first boiled in a 0.02 M NaHCO3 (Sigma-Aldrich,
U.S.) solution for 2 h and then rinsed thoroughly with deionized water three times. The
details of the degumming procedure have been reported previously[3, 163].
After the SF fibers were obtained, two methods were used to generate silk films.
One method was to gradually put the fibers into a mixture solution of formic acid (98%,
MilliporeSigma) with 4 wt % calcium chloride (CaCl2), and then continuously shake the
solution until it dissolved at room temperature. The maximum concentration of silk
samples in the FA-CaCl2 solution is about 0.15 g/mL. The solution then was filtered with
a syringe filter with 0.45 μm pore size (VWR International) to remove the impurities in the
silk solution, after which the solution was centrifuged at 8000 rpm for 10 min to remove
bubbles. Finally, the homogeneous solution was cast onto polydimethylsiloxane (PDMS)
substrates at room temperature to form regenerated silk films. No gel formation was
observed during the drying process. After 2 days of vacuum drying at room temperature,
the formic acid was removed from the silk samples (verified by FTIR), and the regenerated
silk films based on this FA-CaCl2 method were produced. Films made this way are denoted
by a suffix of FA. Figure 2.1 displays the appearances and shapes of five silks
manufactured through the FA method at different processing stages.
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Figure 2. 1 Processing of five different silkworm cocoons (top row) into silk fibroin films
by the FA method. After the glue-like sericin proteins were removed (second row), silk
fibroin fibers were dissolved into solution (third row), and then filtered and cast into
regenerated films (bottom row).

The second method to obtain regenerated silk films was based on the traditional
water-based procedure[3]. In general, the dried fibers were dissolved in a melted
Ca(NO3)2·2H2O (Sigma-Aldrich, U.S.) solution at 90 °C at a concentration of 10 wt %.
The silk solution then was dialyzed by dialysis cassettes (Pierce Snake Skin MWCO 3500;
Thermo Fisher Scientific Waltham, MA) against pH = 8-9 Milli-Q water for at least 2 days.
Centrifugation was used to further remove small insoluble residues, and then SF aqueous
solution with 6 wt % silk was obtained. Finally, the silk aqueous solutions were cast onto
PDMS substrates and dried in a vacuum for 2 days to form the water-based silk fibroin
films. Films synthesized in this fashion are denoted by a suffix of W.
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2.2.2 Fourier Transform Infrared Spectroscopy
FTIR analysis of silk samples was performed with a FTIR spectrometer (Tensor 27,
Bruker, U.S.) with a deuterated triglycine sulfate detector and a multiple reflection,
horizontal MIRacle ATR attachment with a Ge crystal (Pike Tech, Madison, WI). For each
measurement, 128 scans were coded at a resolution of 4 cm–1 over the range 400–4000 cm–
1

. Fourier self-deconvolution (FSD) of the IR spectra covering the amide I region (1595–

1705 cm–1) was performed with the Opus 5.0 software. Deconvolution was performed with
Lorentzian line shapes with a half-width of 25 cm–1 and a noise reduction factor of 0.3, and
the self-deconvoluted spectra were then subsequently fitted with Gaussian peaks, which
were normalized by area to determine the fraction of the secondary structures in the silk
films[164].
2.2.3 X-Ray
Wide-angle X-ray scattering (WAXS) was performed with a Panalytical Empyrean
X-ray diffractometer. Silk fibers and films were mounted on an aluminum sample holder.
The setup includes a fixed anode X-ray source for Cu Kα radiation (wavelength λ = 0.154
nm), operating at 45 kV and 40 mA. The scattering angle 2θ ranged from 5° to 40°, and
data were taken in steps of 0.013° with a hold time of 30 s/step. The baseline was
determined by subtracting the air background and fitted with a quadratic baseline as
described previously[165]. The q vector was obtained from q = 4π × (sin θ)/λ.
2.2.4 Scanning Electron Microscope
Surface morphology was characterized with a LEO ZEISS 1530 VP scanning
electron microscope (Oberkochen, Germany). Silk film samples with a thickness of 1.036

1.2 mm were mounted onto a standard specimen holder with conductive carbon doublesided tape with the fracture surfaces toward the electron beam. The acceleration voltage
was varied between 5 and 10 kV depending on the different imaging sizes and sample
characteristics. To analyze the cross-sectional area of the silks, the samples were first
quickly freeze-dried with liquid nitrogen to avoid deformation. They then were fractured
in liquid nitrogen with a pair of tweezers and analyzed along the new surface.
2.2.5 Differential Scanning Calorimetry
Samples with masses about 6 mg were encapsulated in Al pans and heated in a
differential scanning calorimeter (Q100, TA Instruments Co. Ltd., U.S.) with dry nitrogen
gas flow of 50 mL min–1 and equipped with a refrigerated cooling system. Aluminum and
sapphire reference standards were used for calibration of the heat capacity through a threerun method described previously,[166] and the heat flow and temperature were calibrated
with an indium standard. Standard mode DSC measurements were performed from −25 to
400 °C at a heating rate of 2 °C min–1, while temperature-modulated differential scanning
calorimetry (TM-DSC) measurements were performed at a heating rate of 2 °C min–1 with
a modulation period of 60 s and temperature amplitude of 0.318 °C.
2.2.6 Thermal Gravimetric
Thermal gravimetric analysis (TGA) (Pyris 1, PerkinElmer Co. Ltd., U.S.) of
regenerated silk-FA film samples was done with increasing temperature. Measurements
were made under nitrogen atmosphere with a gas flow rate of 50 mL min–1 for temperatures
ranging from ambient temperature to 450 °C at a heating rate of 5 °C min-1.
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2.2.7 Enzymatic Degradation
First, different silk films were cut into samples of mass 40 ± 5 mg. The films then
were incubated at 37 °C in 40 mL of phosphate-buffered saline (PBS) solution containing
3.1 U mL–1 protease XIV, an enzyme used to analyze the biodegradation of the five silk
samples. The buffer/enzyme solution was replaced daily so that the enzyme activity
remained at a desired level throughout the entire experiment. The specimens were taken
out and rinsed gently with distilled water three times and then weighed at room temperature
until reaching constant mass[167]. For each type of silk film, at least seven samples were
used to obtain a statistically significant result. Samples incubated in PBS solution without
enzyme served as controls.
2.2.8 Mechanical Analysis
Static tensile experiments were performed with a dynamic mechanical analyzer
(Diamond DMA, Perkins-Elmer Instruments Co., U.S.) apparatus under SS pattern for silkFA films. The shape of the film samples was rectangular, with a size of 5.0 mm × 6.0 mm
and a thickness of 1.0-1.2 mm. The force was loaded from 5 to 4000 mN at 50 mN min–1
with the temperature maintained at ambient, and stress-strain curves were thus obtained.
2.3 Results and Discussion
2.3.1 FTIR Analysis
FTIR analysis was performed to understand the structural differences of the five
regenerated silk films. Figure 2.2 a-e shows the FTIR absorbance spectra of different silkFA films. For comparison, the spectra of the original SF fibers, as well as of silk-W films,
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are also shown in Figure 2.2 Generally, the IR spectral region between 1700 and 1600 cm–
1

is assigned to the peptide backbone absorptions of the amide I (1700-1600 cm–1) and

amide II (1600-1500 cm–1) regions[63, 98]. The amide I region mainly comes from the
C═O stretching vibrations (80%) of the protein backbones[98], with minor contributions
from the N–H in-plane bending, the out-of-phase C≡N stretching vibrations, and the C–
C≡N deformation. Therefore, this region is the most commonly used for the quantitative
analysis of protein secondary structures[163]. The amide II region is caused mainly by the
out-of-phase combination of vibrations from the C–N stretching and the N–H in-plane
bending. The microenvironment of protein side chain groups can easily affect this
region[163].
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Figure 2. 2 (a-e) FTIR absorbance spectra of different silk fibroin fibers and silk films
regenerated from the formic acid method (FA) and the water method (W). (f) A curvefitting example for FSD amide I spectra of a Tussah silk-FA film (centered at 1631 cm–1).
The fitted peaks are shown by dashed lines.
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All silk samples showed two strong peaks in the amide I and amide II regions
(Figure 2.2), indicating the presence of primary protein structures. The amide I (1600–1700
cm–1) region was then utilized to identify the secondary structures of silk materials. For the
domestic Mori silk samples (Figure 2.2a), the peak of Mori fiber was centered at 1623 cm–
1

, indicating mainly intermolecular β-sheet crystal structure. The peak of the Mori-FA film

shifted to 1638 cm–1, suggesting the presence of intramolecular β-sheet and random coil
structures,[164, 168-172] while the peak of Mori-W film was centered at 1643 cm–1,
indicating a large portion of random coils structure formed in the sample.
Similar results were also found for the Thai silk samples (Figure 2.2b). For Thai
fiber, the peak was centered at 1621 cm–1 (intermolecular β-sheet structure). For Thai-FA
film, it shifted to 1639 cm–1 (intramolecular β-sheet and random coil structures), and for
Thai-W film it was centered at 1643 cm–1 (random coil structure).
The wild silk (Eri, Muga, and Tussah) samples shared similar features. The peak of
Eri fiber was centered at 1625 cm–1 (intermolecular β-sheet structure), the peak of Eri-FA
film shifted to 1630 cm–1 (intramolecular β-sheet structure), and the peak of Eri-W film
was centered at 1649 cm–1 (α-helix/random coils). For Muga fiber, the amide I peak was
centered at 1623 cm–1 (intermolecular β-sheet structure), while that of the Muga-FA film
shifted to 1630 cm–1 (intramolecular β-sheet structure), and the peak of Muga-W was
centered at 1649 cm–1 (α-helix/random coil structures). Last, the peak of Tussah fiber was
centered at 1622 cm–1 (intermolecular β-sheet crystal structure), the peak of Tussah-FA
film shifted to 1631 cm–1 (intramolecular β-sheet structure), and the peak of Tussah-W film
was centered at 1647 cm–1 (α-helix/random coils). The structures of these wild silks are
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similar to each other where their intermolecular β-sheet content decreased during the FACaCl2 dissolution process, while their intramolecular β-sheet content increased
significantly. For all five types of silks, their peak positions in amide II region also shifted
from being centered around 1512 cm–1 for silk fibers to higher wavenumber (centered
around 1535 cm–1, for silk-FA films).
Numerous studies have shown that secondary structures can significantly affect
protein material properties. Schneider et al. reported that responsive hydrogels can be
obtained through linking the intramolecular β-hairpin peptides[173, 174]. Chen et al.
proposed that the intramolecular β-sheets formed during the nucleation stage play a key
role in the formation of silk nanofibers[175]. Du et al. reported that the less stable
intramolecular β-sheet crystals, rather than the highly oriented rigid intermolecular β-sheet
crystals, contribute to the high extensibility of spider silk[176].
To quantify the percentage of the secondary structures in the regenerated silk
samples, Fourier self-deconvolution was done for spectra in the amide I region (1595-1705
cm–1)[164]. Figure 2.2f shows an example of this FSD method on the amide I spectra of a
Tussah silk-FA film. Table2.1 lists the percentages of secondary structures in different silk
fiber and FA film samples calculated by this deconvolution method. In general, the
intermolecular β-sheet content of the silks decreased from that in the fiber form to that in
the regenerated FA film, while the converse is true for the intramolecular β-sheet content.
For example, intermolecular β-sheets of Mori silk decreased significantly from 30.3%
(fiber) to 16.9% (FA film), and the intramolecular β-sheets largely increased from 8.9%
(fiber) to 20% (FA film). Domestic Thai silk showed a similar trend, where intermolecular
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β-sheets decreased, and the intramolecular β-sheets increased from fiber to FA film.
Meanwhile, the random coils content of Mori and Thai silk also increased more than 15%
during the FA film regeneration process. For wild silk (Eri, Muga, and Tussah), likewise,
the intermolecular β-sheet content was also reduced from fiber to FA film, while the
intramolecular β-sheet content was greatly increased during the film formation.
Interestingly, however, the relative amount of the random coil structure did not change
significantly during regeneration.

Table 2.1
Percentages of secondary structures in silk protein fibers and FA regenerated films,
calculated by a FTIR deconvolution method

Mori-FA
Film
Mori
Fiber
Thai-FA
Film
Thai Fiber
Eri-FA
Film
Eri Fiber
Muga-FA
Film
Muga
Fiber
TussahFA Film
Tussah
Fiber

Intermolecular
β-sheet

Intramolecular
β-sheet

Random
coils

α-helix

β-turn

Side
Chain

16.9

20

34.7

8.4

14.9

5

30.3

8.9

17.9

6.4

20.1

16.5

15.1

23

33.8

7.1

17.6

3.3

30.1

9.9

16.3

5.8

17.4

20.5

23.1

29.4

13.1

5.6

19.0

9.8

30.3

13.1

18.2

5.9

18.7

13.9

13.4

44.3

12.7

6.4

18.9

4.4

31.4

14.8

18

5.7

22.2

8.9

13.6

38.9

13.7

5.4

19.5

8.9

28

12.6

16.7

5.9

20.1

16.8

All calculated secondary structure fractions have the same unit (wt %) with a ±2 wt % error
bar.
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These results indicate that the structures of silk fibers, silk-FA films, and silk-W
films are significantly different from each other. As for the silk fibers, they are dominated
by intermolecular β-sheets crystal structures, while silk-W films are dominated by random
coils structures, resulting in the water solubility of the film samples. In contrast, silk-FA
films show completely different behavior: during the dissolving process, the hydrogen
bonds between the intermolecular β-sheet layers of silk fibers were destroyed by the CaCl2FA solution, while the content of intramolecular β-sheet increased, indicating that more
intramolecular hydrogen bonds may be formed. Meanwhile, protein chains that did not
form new hydrogen bonds would transfer to random coil structures under the influence of
the FA-CaCl2 solvents. Therefore, the intramolecular β-sheets and random coils were
connected by remaining intermolecular β-sheets or calcium ions and formed a network,
resulting in the insolubility of the cast silk-FA films. A model based on these results will
be further described in the Assembly Mechanism section.
2.3.2 WAXS Analysis
To further understand the results, WAXS was used to investigate the crystal
structures of silk fibers and films regenerated from different methods (Figure 2.3). The
predominant WAXS peak positions of silk-FA films, silk-W films, and natural silk fibroin
fibers are summarized in Table 2.2. The WAXS data indicate that both domestic silk fibers
(Mori and Thai) and wild silk fibers (Eri, Muga, and Tussah) have similar internal crystal
structures. In Figure 2.3a, Mori fiber shows a peak at 20.3° (lattice spacing d = 0.437 nm),
suggesting a typical β-sheet crystal dominated silk II structure[154, 177-179]. In Figure
2.3b, Thai fiber also shows a peak at 20.4° (d = 0.435 nm, silk II), which correlates well
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with the FTIR data that silk fibers were dominated by intermolecular β-sheet crystal
structures. In contrast, Mori-FA film and Thai-FA film both show a broad peak centered at
24.3° (d = 0.365 nm) and 24.8° (d = 0.358 nm), respectively, which is typically correlated
with the silk I structure[179].
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Figure 2. 3 Wide-angle X-ray diffraction patterns of silk fibers, silk-FA films, and silk-W
films: (a) Mori silk, (b) Thai silk, (c) Eri silk, (d) Muga silk, and (e) Tussah silk.
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Table 2.2
WAXS peak positions of silk-FA films, silk-W films and native fibroin fibers
(wavelength λ = 0.154 nm) [180-187].
Sample

Major peak position / 2θ

Mori Fiber

20.3o (Silk II)

Mori-FA Film

24.3o (Silk I)

Mori-W Film

Amorphous halo

Thai Fiber

20.4o (Silk II),

Thai-FA Film

24.8o (Silk I)

Thai-W Film

Amorphous halo

Eri Fiber

16.6o (Silk II), 20.4o (Silk II), 24.3o (Silk I)

Eri-FA Film

16.6o (Silk II), 20.4o (Silk II), 24.0o (Silk I)

Eri -W Film

11.7o (α-helix), Amorphous halo

Muga Fiber

16.4o (Silk II), 20.4o (Silk II), 24.4o (Silk I)

Muga-FA Film

16.9o (Silk II), 20.3o (Silk II), 24.0o (Silk I)

Muga-W Film

11.7o (α-helix), Amorphous halo

Tussah Fiber

16.7o (Silk II), 20.4o (Silk II) and 24.3o (Silk I)

Tussah-FA Film

16.8o (Silk II), 20.4o (Silk II), 24.0o (Silk I)

Tussah-W Film

11.7o (α-helix), Amorphous halo

The silk I structure is the precursor structure of silk II crystals, found in silkworm
glands just before the fiber spinning[188]. Previously, several studies have reported the
fabrication of silk I materials, which can provide significantly improved flexibility to the
samples[143, 154, 189]. According to the FTIR results, it is suggested that Mori and Thai
films manufactured by the FA method are dominated by intramolecular β-sheets. Because
intramolecular β-sheet structure may be an intermediate stage from ordered α-helix
structure to stacked compact intermolecular β-sheet crystal structures[188], the WAXS
data indicate that Mori and Thai FA films are in a late-stage silk I or early-stage silk II
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structure, where most of the α-helix structures have transformed to the denser
intramolecular β-sheet structures but are still not close enough to form β-sheet crystals. The
high content of intramolecular β-sheets in FA films resulted in better flexibility, similar to
that of the ordered α-helix structures.
As compared to the Mori-FA and Thai-FA films, Mori-W and Thai-W films both
demonstrated apparent broad amorphous halo peaks centered around 16–20°, indicating
that random coil structures dominate in the water regenerated films. The amorphous
structure also accounts for the solubility of the silk-W films[190].
The three types of wild silk fibers show similar results. For the fiber samples, Eri
fiber has three peaks at 16.6° (d = 0.530 nm, silk II), 20.4° (d = 0.435 nm, silk II), and 24.3°
(d = 0.366 nm, silk I)[191-193]. Muga fiber also has three peaks at 16.4° (d = 0.541 nm,
silk II), 20.4° (d = 0.435 nm, silk II), and 24.4° (d = 0.365 nm, silk I)[191-193]. For Tussah
fiber, the three peaks are centered at 16.7° (d = 0.529 nm, silk II), 20.4° (d = 0.435 nm, silk
II), and 24.3° (d = 0.366 nm, silk I)[191, 192]. It confirms that these three types of wild
silk fibers have more ordered structures than the two domestic silk fibers, as suggested
previously[166]. Those three types of wild silk fiber possess better mechanical properties
than the domesticated ones likely due to their higher content of intermolecular and
intramolecular β-sheets (Table2.1).
For the regenerated Eri-FA, Muga-FA, and Tussah-FA films, there were also three
prominent X-ray peaks. However, their relative intensities and positions are different from
those of their respective fibers. For Eri-FA film, the three peaks are centered at 16.6° (d =
0.533 nm, silk II), 20.4° (d = 0.435 nm, silk II), and 24.0° (d = 0.370 nm, silk I)[191-193].
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As compared to the Eri fiber, the relative intensity of the silk II peak centered at 16.8°
decreased significantly, while that of the silk I peak centered at 24.3° (Eri fiber) increased
and slightly shifted slightly, indicating the formation of additional silk I structure[191-193].
Because it has been confirmed by FTIR that the content of intermolecular β-sheets drops
while the amount of intramolecular β-sheets increases during this FA-based regeneration
process, it is believed that CaCl2-FA system first destroyed the hydrogen bonds within the
intermolecular β-sheet crystals in silk fibers, and then the released silk chains selfassembled through intramolecular hydrogen bonds forming intramolecular β-sheets. The
mechanism of assembly in Eri-silk films is the same as that in the domestic silk-FA films,
that is, the formation of late-stage silk I or early-stage silk II structures.
There are similar results for the Muga-FA and Tussah-FA films. WAXS shows
three peaks, which are located at 16.9° (d = 0.531 nm, silk II), 20.3° (d = 0.437 nm, silk
II), and 24.0° (d = 0.370 nm, silk I) for the Muga-FA film, and likewise three peaks located
at 16.8° (d = 0.531 nm, silk II), 20.4° (d = 0.435 nm, silk II), and 24.0° (d = 0.370 nm, silk
I) for the Tussah-FA film. In contrast, all three types of wild silk-W films show similar
amorphous and α-helix (2θ = 11.7°) peaks[193].
2.3.3 SEM Analysis
The cross-sectional morphologies of five different silk-FA films, silk-W films, and
their native fibroin fibers were obtained by SEM (Figure 2.4). Alignment of the nanofibril
structures can be seen clearly on the 2 μm and 200 nm scales for all silk-FA films[194].
Also, the nanofibril structures vary in length and shape (rod, “S”, circular, etc.) for different
silk-FA films. For the Mori silk-FA films, the cross-section appears uniform on the 10 μm
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scale, apart from random nanofibril structures. On the 2 μm scale, the areas become rougher,
but no significant structural components can be identified from this scale. On the 200 nm
scale, globular structures appeared, which are typical morphological components of Mori
silk molecular aggregates found in previous studies[163]. On the 10 μm scale, the crosssection area of Thai silk-FA film appears smooth with patches of roughness, which
becomes more prevalent at the 2 μm scale. On the 200 nm scale, the silk structure is clearly
seen as globular shaped, similar to that of Mori silk-FA film. The Tussah silk-FA film
shown on the 10 and 2 μm scales is random in shape but appears to be more aligned than
the randomly dispersed Thai silk-FA in the 200 nm scale. For the Muga silk-FA sample, at
the 10 μm scale, the cross-section appears solid with scattered cracks. Pellets appear
scattered as well. Upon a 2 μm scale examination, the cross-section is composed of
numerous globular structures. These globules appear in size and shape similar to smaller
pellets present between globules. At the 200 nm scale, globule sizes are less similar, and
smaller particles are more visible. As for the Eri silk-FA sample, the cross-section is flaky
in appearance in the 10 μm scale, and there are obvious layers in the structure. Shown on
the 2 μm scale, the flaky appearance is less sharp and defined. At the 200 nm scale, globular
components are prevalent, and the laminar structure can no longer be seen. As compared
to silk-FA films, the nanostructure features of silk-W films and silk fibroin fibers at 200
nm (Figure 2.4) are not obvious except for the Tussah and Muga fibers.
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Figure 2. 4 SEM images of different types of silk-FA films, silk-W films, and native
fibroin fibers at cross-section area.
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2.3.4 DSC Analysis
Figure 2.5a shows the standard DSC scans of various silk-FA film samples. During
heating scans, all samples first showed a low-boiling bound solvent evaporation peak
Td1[166] around 60–100 °C (333–373 K). Table 2.3 shows that the trend of the temperature
of this peak is Mori-FA < Thai-FA < Eri-FA < Muga-FA < Tussah-FA, where the Td1 of
Tussah-FA film was the highest temperature found in all silk samples. Similar to the silkW films reported previously[163], the Td1 values of the three wild silk samples were higher
than those of the two domesticated ones, indicating that wild silks are better at maintaining
bound molecules in their structures. For the wild (Muga, Eri, and Tussah) silkworms, this
silk structure could be more favorable for their surviving in the wild environment. However,
the Td1 values of all silk-FA samples were generally lower than those of silk-W films. This
implied that the FA-CaCl2 solution may have affected their water inhibition or reservation
ability during the dissolving process.
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Figure 2. 5 (a) Standard DSC scans of five silk films (Tussah-FA, Mori-FA, Eri-FA,
Thai-FA, and Muga-FA) prepared by the FA method, with temperature regions related to
bound solvent evaporations (Td1), glass transitions (Tg), and sample degradations (Td2).
(b) The reversing heat capacities of the five silk film samples prepared by the FA method,
measured by TMDSC from 100 to 275 °C (glass transition region), with a 2 °C min–1
heating rate, a modulation period of 60 s, and a temperature amplitude of 0.318 °C.
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Table 2.3
Thermal analysis data of different silk protein films produced by the FA method

Silk
Sample

Eri

Tg (°C)

238.8F
/176.0
W

Muga

232.4F
/168.0
W

Tussah

233.9F
/188.0
W

Thai

217.8F
/149.0
W

Mori

176.3F
/175.0
W

ΔCp at Tg
(J g-1 K-1)

Solvent
release Td1
(°C)

Degrada
tion Td2
(°C)

Onset
temperature
of
decompositio
n (°C)

Solvent
Content
(%)

Degradation
Middle
Temperature
Tdm (°C)

Remaining
mass at 400
°C (%)

0.041F/0.
509W

84.5F/
119.0W

346.2F/
329.0W

327.0

6.84F

372.7

47.42

0.135F/0.
370 W

95.3F/
120.3W

341.8F/
330.3W

384.8

5.99F

396.6

49.24

0.019F/0.
282 W

103.2F/
131.6W

348.2F/
336.6W

319.1

6.43F

375.3

49.26

0.388F/0.
564 W

78.2F/
96.2W

258.1F/
245.4W

306.0

12.33F

328.3

54.06

0.483F/0.
475 W

74.5F/
112.7W

260.3F/
244.3W

300.3

10.09F

313.8

26.32

All numbers have an error bar within ±5%. The first four columns (Tg, ΔCp at Tg, Td1, and
degradation Td) were determined by DSC and TMDSC analysis, while the rest were
determined by TG analysis (silk-FA films only). Tg, Td1, and Td2 represent the glass
transition temperature, bound solvent release peak temperature, and degradation peak
temperatures of different silk-FA films, where the superscript “F” indicates results from
the samples manufactured by the formic acid-CaCl2 method and “W” represents samples
manufactured by the water-based method[163].

For temperatures above the Td1 region, the glass transition temperature Tg and the
degradation temperature Td2 region of various silk films can be seen in Figure 2.5a. Near
Tg regions, all silk-FA films showed clear heat capacity increases ΔCp as found in their
TMDSC curves (Figure 2.5b), which are used to investigate the reversible thermal
properties of silk film materials. All samples showed clear heat capacity increases ΔCp in
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their Tg regions. Interestingly, for wild silk films synthesized by the FA method, there was
an endothermal peak occurring with the ΔCp step change in the Tg region, while
domesticated silk films (Mori and Thai) only show a simple ΔCp step occurring in the Tg
region. The endothermal peak found in the wild silk Tg region may be associated with the
physical relaxation process of wild silk molecular chains during the heating progress[195].
Thus, the midpoint temperature of this transition for domesticated silk films (Thai, Mori)
was chosen as Tg, while the onset temperature was used for the Tg values of wild silk
samples (Muga, Tussah, and Eri) in this study[196, 197]. Table 2.3 lists the Tg of various
silk samples and their ΔCp values during the glass transition. For silk films manufactured
by the FA method, it showed a Tg trend of Mori < Thai < Muga < Tussah < Eri. It should
be noted that the Tg values of the domestic silks are lower than those of the wild ones.
In contrast, the heat capacity increments ΔCp at Tg of Mori and Thai films are higher
than those of wild silk samples, with a ΔCp trend of Tussah < Eri < Muga < Thai < Mori.
For the Mori film sample, the ΔCp increment at Tg was 0.483 J kg-1 °C-1, which is close to
our previous result obtained from the Mori-W films[163]. The Thai-FA film showed a
similar ΔCp increment (0.388 J kg-1 °C-1) at Tg because it also belongs to the domestic
silkworm species. The ΔCp of Tussah sample was 0.019 J kg-1 °C-1, which was the lowest
among all silk samples. The ΔCp is directly proportional to the average chain mobility of
proteins, reflecting the number of freely rotating bonds capable of changing the chain
conformation. In addition, Tg values of all silk-FA samples are higher than those of silk-W
films (Table 2.3),[163] while their ΔCp values are lower[163]. These results again prove
that the FA method could make the protein chains arrange in a more ordered structure such
as intramolecular β-sheet structure as compared to the silk-W samples.
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Above Tg, all samples start to thermally degrade (Figure 2.5a)[197]. Table 2.3 lists
the Td2 values of all silk-FA films, with an order of Thai < Mori < Muga < Eri < Tussah. It
is clearly shown that the Td2 values of domestic silk-FA films (282.2 and 284.7 °C,
respectively) were significantly lower than those of wild silk-FA films (Figure 2.5a),
indicating that wild silk protein films are more thermally stable than domesticated silk
protein films, which is consistent with our previous conclusions[163].
2.3.5 Thermal Stability
Figure 2.6a shows the mass percentage change of Thai, Mori, Eri, Tussah, and
Muga silk-FA films during a heating scan from room temperature to 450 °C, while Figure
2.6b shows the temperature derivative of their respective mass percentage curves. The
bound solvent/water content (Tw), onset temperature of decomposition (Td), middle
degradation temperatures (Tdm), and the remaining mass at 400 °C of different silk-FA
films are summarized in Table 2.3.
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Figure 2. 6 (a) Percent mass remaining of different FA-based silk fibroin film samples
measured by thermogravimetric analysis during heating from room temperature to 450 °C
at 5 °C min-1. (b) The first derivative of the percent mass remaining in (a), which reveals
the degradation rates of silk films and demonstrates temperature regions related to bound
solvent/water evaporations (Tw) and the sample degradations (Td).
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During the initial heating from room temperature to 150 °C, bound solvent/water
molecules were first removed from all silk-FA samples, as demonstrated in the DSC study
(Td1). Table 2.3 lists the solvent content (%) of various silk-FA films measured by TGA. It
shows that all samples contained bound solvent/water around 5.9-12.4%, with a trend of
Muga < Tussah < Eri < Mori < Thai, with domesticated silk films showing larger values
than those of the wild silks. Dehydration of bound solvent/water in domestic silks is much
easier than it is in the wild silks, as was seen in the DSC study. The dehydration step in the
TGA curve (Figure 2.6a) corresponds to a small peak in the differential thermogravimetric
curve (Figure 2.6b), while the initial decomposition of the silk proteins started around
300 °C (Figure 2.6a). Figure 2.6b also shows that some wild silk samples (Muga and Eri)
had a very quick mass loss during their major degradation stages, while the Tdm values of
the two domesticated silks were lower than those of all wild silks, with a Tdm trend of Mori
< Thai < Eri < Tussah < Muga (Table 2.3). The trend of middle degradation temperatures
confirmed that wild silk-FA films are more robust than the domesticated films, as
suggested by the DSC study. The remaining mass (%) of all samples at 400 °C was also
listed in Table 2.3. For the Mori silk samples, the remaining mass was 26.32% at 400 °C,
which is the lowest content among all film samples, suggesting that the thermal stability of
Mori film in high temperature regions is weaker than that of others. The Eri, Tussah, and
Muga silks showed very similar decomposition curves with about 50% of the mass lost by
400 °C.
Previously, I have investigated the thermal properties of all silk-W samples by
DSC[163]. As compared to those of the silk-W samples, the solvent release temperature
and the thermal degradation temperature of silk-FA samples were much higher, especially
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for the wild silk types. This implies that the FA method increases the thermal stability of
silk materials, perhaps through enhancing intramolecular β-sheet content in the structure.
2.3.6 Enzymatic Degradation
Enzymatic degradation of silk-FA films was studied in vitro. Figure 2.7 shows the
weight losses of five silk-FA films in PBS solutions (Figure 2.7a) and protease XIV
enzyme solutions (Figure 2.7b). For comparison, Figure 2.7c also shows the weight losses
of five silk-W films in the protease XIV enzyme solutions (precrystallized by 30 min pure
methanol treatment). During the first 5 h, the degradation rate appeared to be quicker, with
a trend of Tussah < Thai < Eri < Muga < Mori, due to the degradation of nanocrystalline
components in the films. As compared to other silk samples, the Thai silk sample continue
to degrade quickly up to 20 h (similar to its TGA thermal degradation trend at low
temperature region in Figure 2.6a), whereas the degradation rate of other silk samples
tended to significantly slow after 5 h. The Tussah sample degraded only ∼10% after 20 h
of protease XIV enzymatic treatment. After 30 h, the degradation of silk films reached a
quasi-equilibrium state, suggesting that β-sheet structures (intra- and intermolecular) can
prohibit the enzymatic degradation of silk materials very well[143, 167, 190, 198, 199].
Their degradation profiles followed a clear trend of Tussah < Eri < Muga < Mori < Thai.
It also demonstrated that the wild silk samples were more stable in the protease as
compared to the domestic silk samples, probably due to the larger amount of β-sheet
structures in the wild silk-FA samples as seen from FTIR.
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Figure 2. 7 (a) PBS solution degradation and (b) protease XIV enzymatic degradation
study of silk-FA films, and (c) protease XIV enzymatic degradation of silk-W films
precrystallized by methanol.
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However, for the pure methanol cross-linked silk-W films (Figure 2.7c), after 45 h,
the degradation of Thai, Mori, Tussah, and Eri was significant with only about 10–15% of
the original mass left. The MeOH cross-linked Muga-W was an exception, showing the
lowest degradation rate (85% mass remaining) in all silk samples. In general, it is shown
that the enzymatic degradation rate of methanol cross-linked silk-W films is much quicker
than that of silk-FA samples. Because it has been widely proved that methanol can induce
∼50% β-sheet structures (intra- and intermolecular β-sheets in total) in the regenerated
water-based silk materials[143, 189, 200], which is similar to the silk-FA samples, this
result also indicates that not only the amount of β-sheet structures contributes to the
stability of silk materials in enzymes, but also the size, pattern, or distribution of β-sheet
structures in silk materials could be critical to help the protein molecules against enzyme
digestions for a long time.
2.3.7 Mechanical Properties
Figure 2.8 shows the stress–strain curves of different silk-FA films, and Table 2.4
lists their elastic modulus, strength of extension, and elongation ratio calculated from the
strain–stress curves. For the five silk-FA films, the trend of elastic modulus is Eri > Tussah >
Muga > Mori > Thai, and their strength of extension trend is Muga > Mori > Tussah > Eri >
Thai, while the elongation ratio trend is Mori > Muga > Thai > Tussah > Eri. It shows that
the Eri sample has the largest modulus and a high tensile strength but the lowest elongation.
The Mori sample was soft and tough, with a lower modulus and the highest elongation,
while the Thai film sample had a low strength of extension, although it had the lowest
modulus among them. Both Muga and Tussah silk films fabricated from the FA method
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have relatively high strengths of extension and elongation ratios. As compared to data on
crystallized insoluble water-based silk films[97, 201], the silk FA films are softer with
higher elastic modulus and larger elongation ratio, which can be used for large deformation
of materials in the future.

Figure 2. 8 Stress–strain curves of different silk-FA samples (Tussah-FA, Muga-FA, EriFA, Mori-FA, and Thai-FA) measured by the static tensile test using DMA.
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Table 2.4
Mechanical properties of silk-FA films by DMA (Sample size n = 5)

Elastic Modulus

Strength of extension

Elongation

(GPa)

(×GPa)

(%)

Tussah

5.797 ± 0.406

0.602 ± 0.042

12.12 ± 0.82

Muga

5.658 ± 0.458

0.749 ± 0.060

39.83 ± 2.79

Eri

18.712 ± 1.16

0.502 ± 0.031

6.11 ± 0.35

Mori

2.573 ± 0.129

0.716 ± 0.034

79.72 ± 3.83

Thai

2.236 ± 0.094

0.125 ± 0.005

13.11 ± 0.60

Sample

2.3.8 Assembly Mechanism
To elucidate the mechanism of assembly and water insolubility of silk-FA films, a
schematic model is proposed in Figure 2.9. As shown in Figure 2.9, silk-W films
regenerated from silk fibers (Figure 2.9a) are random coils dominated with only a little
amount of α-helix and intramolecular β-sheets (Figure 2.9c)[163]. It has been well-studied
that these noncrystalline amorphous structures resulted in the water solubility of silk-W
films (Figure 2.9c)[143, 190]. Two methods are generally used to induce insolubility of the
silk-W films: (i) an annealing or preaggregation procedure (low temperature water
annealing[143, 189], a repeated concentrating–dissolving procedure in solution[202], selfassembly in silkworm glands[203, 204], etc.) can cause the noncrystalline structure to
transfer to an early stage of silk I structure, with a high content of α-helix and
intramolecular β-sheet[143, 190]; (ii) the use of organic solvents (MeOH, EtOH, etc.), salts,
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mechanical pressing, or thermal treatments can make the silk noncrystalline structure
transform back into the silk II structure (Figure 2.9a) with a large amount of intermolecular
β-sheet crystals[189, 203-205].

Figure 2. 9 Structure models of silk fibers and films: (a) large amount of intermolecular
β-sheets (crystals) and less amount of intramolecular are connected by random coils, silk
II structure, forming the stable property of silk fibers; (b) large amount of intramolecular
β-sheets and less amount of intermolecular β-sheets are connected by random coils
forming a stable network, causing the insolubility of silk-FA films; and (c) a little amount
of α-helix and tiny amount of intramolecular β-sheets are connected by the random coils,
forming the amorphous structure of silk-W films.
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On the basis of our previous results, it is believed that the CaCl2-FA solvent system
can directly disrupt the intermolecular cohesive force within the intermolecular β-sheet
crystals in the SF fibers. Formic acid and CaCl2 molecules functioned as plasticizers in this
system, and the stacked intermolecular multilayer β-sheet crystals (silk II) within the highly
crystallized natural silk fibers were quickly exfoliated into single layer intramolecular βsheets or even random coils. Thus, the silk fibers were totally dissolved into the CaCl2-FA
system forming a homogeneous fibroin solution. During the drying process, with the
evaporation of the formic acid, the fibroin fibers assembled together into nanofibrils with
dominated intramolecular β-sheet structures (Figure 2.9b). The function of calcium ions
(Ca2+) in silk materials has been studied previously[154, 205]. Furthermore, it has been
demonstrated that Ca2+ ions can strongly interact with the silk structure in solution and
prevent the molecules from forming intermolecular β-sheet crystals (Figure 2.9b)[154,
205]. Therefore, with the help of calcium ions as plasticizers, the cast silk-FA films show
a structure dominated with intramolecular β-sheets instead of a large amount of
intermolecular β-sheet crystals. Our results suggest that the intramolecular β-sheets not
only provide additional flexibility to the system (as compared to intermolecular β-sheet
crystals), but also result in the water insolubility of the silk-FA films. Because this structure
is very close to the silk I structure found in WAXS patterns, I believe it is a late-stage silk
I structure or the silk II precursor structure in the silk materials. In fact, upon long-time
annealing in aqueous solution, the structure does transfer to silk II β-sheet crystal structure
in the films.
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2.4 Conclusion
This study presents a mechanism study on the structure and insolubility of the silk
materials from five different species regenerated from a formic acid-CaCl2 method. It
reveals that the secondary structures of silk-FA films are different from those of their
natural silk fibroin fibers, which are typically dominated by stacked intermolecular β-sheet
crystals. In addition, the intramolecular β-sheet content of the silk-FA films is much higher
than that regenerated from the traditional water-based method, causing silk-FA films to
become insoluble in water. These results show that the intermolecular hydrogen bonds
within β-sheets crystals in the silk fibers can be quickly disrupted during the dissolving
process and allow a film network structure dominated by intramolecular β-sheets to form.
From these observations, a model was proposed to explain the mechanism of assembly for
the silk-FA films. This comparative study offers important insight into how to manipulate
the secondary structures of silk-based biomaterials to tune its properties.
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Chapter 3
Thermal Conductive Biofilms from Silk/AlN-Particle Composites
3.1 Introduction
Since the development of integrated circuit technology, the electronic device
dimensions have continued to shrink while the power density is gradually increasing.
Consequently, there has been increased effort to develop renewable or biocompatible
materials with high thermal conductivity to serve as substrates to mitigate heating.[206211] The ideal material should have good thermal conductivity, but it must also be
electrically insulating and possess a low coefficient of thermal expansion. Because of their
strong bonding, novel 1D and 2D materials such as BN, carbon nanotube and graphene,
show promising applications in thermal management.[208, 212-214] The thermal
conductivity of the single-layer graphene at room temperature can reach 1800 W/mK[215,
216] while the thermal conductivity of multi-walled nanotubes can be as high as 3000
W/mK.[217] However, the electrical conductivity of these carbon phases limits their use
as thermal management materials for electronic devices. [206, 212, 218]
Aluminum nitride is an electrical insulator with high thermal conductivity (320 Wm-1K-1 )
but also has a low dielectric constant, a very wide bandgap of about 6.2 eV, a low thermal
expansion coefficient (4.4 ppm K-1) and stable chemical properties.[219-221] However,
unlike polymers, ceramic AlN does not have enough strength or flexibility for practical
applications. On the other hand, the properties of silk include high tensile strength,
elasticity, toughness, environmental friendliness, biocompatibility and insolubility (in most
solvents),[222] which make it attractive to applications over a range of fields, from dietary
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applications to biomedical devices. Many of its properties can be attributed to the fact that
silk is a protein polymer, yet most polymers typically have a thermal conductivity of about
0.1 Wm-1K-1,[216, 223-225] rendering them impractical for thermal management.
One alternative is the synthesis of composite materials which can display the salient
properties of its component materials. The properties of composites can be modulated by
the size, distribution, and orientation of particles within a matrix, often a polymer. In
insulators, heat is transported by phonons, and studies have shown that the filler content
and the interface between the filler and the matrix are the main factors affecting the thermal
conductivity in composites with interfacial scattering of phonons often dominating the
thermal resistance.[223, 226]
Silk fibroin (SF) has a large number of hydroxyl groups on the protein chains, and
these hydroxyl groups can form stable hydrogen bonds with the N atoms of the AlN. This
may reduce the direct thermal resistance of the interface between SF and AlN
particles.[227-229] In addition, the SF chain consists of both negatively (aspartic acid and
glutamic acid) and positively (arginine and lysine) charged amino acid groups which may
also reduce the interfacial phonon scattering.[230] At the same time, the secondary
structure of the silk material can be more easily modified to achieve desired mechanical
and structural properties than many polymer materials,[222] which makes it advantageous
to serve as a matrix.
Here I report on the structural and physical properties of SF and AlN composites.
This composite material has the advantages of its constituent materials: excellent
mechanical properties, biocompatibility and green environmental properties of SF protein,
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as well as the excellent high-temperature thermal stability, improved thermal conductivity
and fire resistance of AlN. Based on the thermal and structural analysis, AlN particles are
able to form continuous networks that confine the crystalline and amorphous parts of silk
proteins, which contribute to the good thermal stability and high thermal conductivity of
AlN/SF films. Due to these advantages, SF and AlN composites have sizable potential for
applications in high performance microelectronic devices and implantable biomedical
electronic devices.
3.2 Experimental Section
3.2.1 Synthesis
Bombyx mori mulberry (Mori) silks were purchased from Treenway Silks
(Colorado, USA). Silkworm cocoons were first boiled in a 0.02 M NaHCO3 (SigmaAldrich, USA) solution for 30 mins and then rinsed thoroughly with deionized water three
times to completely remove sericin. The degummed silks were dried overnight in a fume
hood and further dried in vacuum at room temperature for 1 day to remove the remaining
moisture. The obtained pure SF fibers were dissolved in a formic acid solution with 4wt.%
CaCl2 at room temperature. The density of dry state SF films and AlN (Sigma-Aldrich,
USA) were measured to be 1.4 and 3.26 g/cm3, respectively. AlN was added into the SF
solution at different ratios so that the resulting composites had a volume fraction of AlN of
up to 25%. Henceforth, samples are designated as x% AlN/SF where x represents the
percent volume fraction of AlN. The mixture solution was shaken by a vortex mixer for
10 minutes and then slowly cast onto polydimethylsiloxane (PDMS) substrates to form
films. After drying in a hood for 2 days, the AlN/SF films were annealed in deionized water
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for 1 hour to remove formic acid and CaCl2 residues, and promote the hydrogen bond
formation of silk fibroin and AlN particles. The water-annealed samples were left in a
30 °C vacuum oven to dry for 2 days before the tests.
3.2.2 Characterization
Fourier transform infrared (FTIR) spectroscopy (Bruker Tensor 27, USA) was used
to characterize the secondary structures of SF within the composite material.[231] The
spectrometer was equipped with a deuterated triglycine sulfate detector and a multiplereflection horizontal MIRacle ATR attachment (Ge crystal) from Pike Tech (Madison, WI).
The instrument was continuously purged with N2 gas to eliminate the spectral contributions
of atmospheric water vapor. For each measurement, 128 scans were co-added with a
resolution of 4 cm−1. Wide-angle X-ray scattering (WAXS) was performed with a
Panalytical Empyrean X-ray diffractometer. The setup included a fixed anode X-ray source
for Cu Kα radiation (wavelength λ = 0.154 nm), operating at 45 kV and 40 mA. The
scattering angle 2θ ranged from 5° to 70°, and data were taken in steps of 0.013º with a
hold time of 30 s/step. Measurements were taken as a function of the film orientation with
the sample plane being rotated from 0° to 90° with respect to the incident beam (see Fig.
4.5d). X-ray diffraction (XRD) was also done with the same instrument in Bragg-Bretano
geometry with similar operating parameters. The cross-section morphology of the AlN/SF
films was characterized with a LEO ZEISS 1530 VP scanning electron microscope
(Oberkochen, Germany). The acceleration voltage was varied between 5 and 20 kV
depending on the magnification. The elemental distribution of AlN was characterized by
energy dispersive X-ray spectroscopy (EDS, Oxford Instruments).
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Differential scanning calorimetry (DSC) was performed with a Q100 calorimeter
(TA Instruments) equipped with a refrigerated cooling system. The N2 flow rate was set to
50ml/min, and measurements started at -30 °C and ended at 400 °C. The temperature
increased at a rate of 2 °C/min and was modulated every 60 seconds at an amplitude of
0.318 °C to measure the reversing heat capacity. The decomposition behavior was analyzed
by thermogravimetric analysis (TGA) on a TA Instruments SDT Q600 at a heating rate of
10 °C min–1 from 25 to 800 °C under 100 ml/min N2 air flow. Linear thermal expansion
was measured by a Q400 (TA Instruments) thermal mechanical analyzer (TMA) from 25
to 120 °C at a scan rate 10 °C/min. The sample was pre-loaded with 50 mN of force. The
infrared thermal images were taken with a Seek Reveal thermal imaging camera
(California, USA). The in-plane thermal conductivity was measured with a Physical
Property Measurement System (Quantum Design, USA) with the thermal transport option
(TTO) under steady-state conditions. Leads were attached with silver epoxy to a film
sample with an area of 5 × 20 mm, and measurements were taken at vacuum below 9 × 105

Torr. The dielectric constant and loss were measured with an Agilent 4285A Precision

LCR Meter (Agilent, USA).
Parallel flame testing was performed on pure SF and 25% AlN/SF films. The size
of the sample was 20 mm in length and 6 mm in width. A propane torch was used, and the
samples were heated by flame until completely burned.
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3.3 Results and Discussion
3.3.1 Morphology and Structure

Figure 3.1 (a) Schematic of preparation of AlN/SF solution, and the interaction between
AlN particles and silk fibroin chains. (b) Photos of flexible 15% AlN/SF film. (c) Ca, Cl,
Al, O and N EDS mapping of pure SF film shows the only measurable signal was from O
and N. (d) Scanning electron micrograph of the cross section of the 2% AlN/SF sample.
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Silk fibroin solutions were prepared according to our previously reported
method.[232] Fig. 3.1b shows the 15% AlN/SF film, which is uniform in thickness and
very flexible and shows no signs of mechanical fatigue even after being bent 90° over 50
times. The excellent mechanical properties is attributed to the strong hydrogen bonding
interaction and electrostatic interaction between AlN and SF chains[233] (Fig. 3.1a, 1b).
EDS was used to check the spatial distribution of various elements in the composites. It
shows that there is no CaCl2 left in any of the samples after water annealing (Fig. 3.1c and
Fig. 3.2). In addition, the AlN is nearly homogeneous after annealing although there is
some indication the particles are interconnected (Fig. 3.1c and Fig. 3.2).

Figure 3.2 EDS element mapping of the cross section of AlN/SF films. All examples
with non-zero AlN show some evidence of networking since one notes that the size of the
inclusions is only 1 μm.

SEM was used to study the internal structure and morphology of the matrix. It was
found layer-by-layer structures in all of the samples, which was induced by water annealing
processing and silk-AlN molecular interactions (Fig. 3.1d and Fig. 3.4).[234-237] As the
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concentration of AlN increased, more AlN particles were found in the cross section of the
sample (Fig. 3.3a and 3.3b) and they formed larger networks (Fig. 3.3e-f).

Figure 3.3 Cross-sectional SEM images of (a) 10% AlN/SF, (b) 25% AlN/SF. EDS Al
element mapping in (c) 10% AlN/SF, and (d) 25% AlN/SF. (e) and (f) show the
morphological distance maps of the Al composition for 10% AlN/SF and 25% AlN/SF,
respectively.
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Figure 3.4 Cross-sectional SEM images AlN/SF films.
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Previous studies have shown that water annealing can induce the crystallization of
SF materials,[238] so the orientation of β-sheet crystals and AlN particles was studied by
WAXS. Those results demonstrate that both -sheet and AlN crystallites are randomly
oriented (Fig. 3.5a & 5b, Fig. 3.6) which suggests that the layered structure observed in
SEM did not affect the crystal orientation and distribution in the material. The main x-ray
diffraction peaks for AlN are consistent with literature (Joint Committee for Powder
Diffraction Standards (JCPDS) card No. 25-1133),[239] with 2θ values of 33.2°, 35.9°,
37.9°, 49.8°, 59.3°, and 65.9° assigned to the (010), (002), (011), (012), (110), and (013)
reflections, respectively (Fig. 3.5c). Pure SF (Fig. 3.5c) showed a broad peak centered at
20.6° (silk II structure, β-sheet crystals) with a shoulder at 24.5° (silk I structure).[240-243]
As the concentration of AlN increased, the intensity of those two peaks gradually
weakened.
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Figure 3.5 WAXS patterns of (a) SF and (b) 4% AlN/SF films at different orientations.
(c) The XRD patterns of the SF, AlN/SF and AlN samples. (d) Scattering geometry.
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Figure 3.6 WAXS patterns of (a) 2% AlN/SF, (b) 10% AlN/SF, (c) 15% AlN/SF and (d)
25% AlN/SF films at different orientations.

FTIR was used to study the secondary structure of silk fibroin (Fig. 3.7a). Whereas
the spectrum of pure AlN was featureless above 900 cm-1, that of pure SF (Fig. 3.7a)
displayed a peak at 3250 cm-1 caused by the O-H stretching vibration[231, 243] in addition
to multiple peaks from 900 to 1700 cm-1. The amide I region of silk fibroin proteins
corresponds to 1610-1700 cm-1 (inset Fig. 3.7a),[244] and pure SF spectrum had a
pronounced peak at 1619 cm-1, indicating a high -sheet crystalline content after the water
annealing. It needs to be noted that the spectra of the SF and silk-AlN films exhibited a
predominately random coil structure prior to the water annealing procedure, with a
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pronounced peak at 1639 cm-1 (inset Fig. 3.8a). Through water annealing, the characteristic
peaks of AlN (from 500 to 900 cm-1) also shifted slightly and changed in intensity (Fig.
3.7a and 3.8a). Therefore, water annealing may not only promote the formation of strong
hydrogen bonds between silk protein molecules, but also enhance the formation of
hydrogen bonds between silk and AlN molecules.
Fourier self-deconvolution (FSD) method is an effective tool to calculate the
secondary structure content in SF,[231, 240] and a curve fitting example for FSD amide I
spectra of the SF sample is shown in Fig. 3.8b. Results show that pure SF (after water
annealing) contains 38% β-sheet crystals and 20% random coil structure. As the AlN
content increased, the shoulder at 1649 cm-1 grew, and the peak at 1619 cm-1 gradually
shifted to a higher value at 1625 cm-1 (Fig. 3.7a, inserted figure), indicating that the addition
of AlN particles inhibited the formation of β-sheet crystals (probably through forming more
hydrogen bonds with the protein chains) and promoted the random silk structure (Fig.
3.7b), the latter of which helps maintain the flexibility of the composite.[231, 244]
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Figure 3.7 (a) FTIR curves of water-annealed SF, AlN/SF films and AlN, the inset
picture is the zoom in image of amide I region of silk fibroin. (b) Volume fraction of βsheet crystals and random coils of the silk fibroin component.

Figure 3.8 (a) FTIR curves of SF, AlN/SF films and AlN before the water annealing
procedure, the inset picture is a zoom in image of amide I and II regions of silk fibroin.
(b) A curve fitting example for FSD amide I spectra of the F sample. The fitted peaks are
shown by dashed lines in different colors. B is β-sheet crystal, T is β-turns, A is α-helix,
R is random coil, and S is side chain [231].
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3.3.2 Physical Properties
To model the elongation at break, I assume that a is the average distance between the
centers of AlN spherical inclusions of radius r in the SF matrix. For a hexagonal close
packed arrangement,

𝑓=

8𝜋𝑟 3
3√2𝑎3

(3.1)

The average separation between particle surfaces is therefore a - 2r, and the relative
separation between spheres we define as

𝛾=

3
(𝑎 − 2𝑟)
3√2𝑓
= 1 − 2√
𝑎
8𝜋

(3.2)

If we assume that the composite fails when the average shortest length of SF fails, (i.e.
when the distance between the surfaces of adjoining particles exceeds the elongation at
break of the matrix) then the elongation at break of the composite A is given by
𝐴 = 𝛾𝐴𝑆𝐹

(3.3)

where ASF is the elongation at break of the SF matrix alone. Fig.3.9a shows the elongation
decreased with the AlN content and the experimental data fits well with the modelling data.
Fig.3.9a shows the stress-strain curves of the composite; Young's modulus steadily
increased with the AlN content (Fig. 3.9b). Berryman[245-247] has developed a selfconsistent model of the effective bulk (Keff) and shear (eff) moduli of composites based

81

upon the geometric means of the Hashin-Shtrikman bounds[248, 249]:

i.e. Keff =

+
+ −
−
𝐾𝐻𝑆
, eff = √𝜇𝐻𝑆
𝜇𝐻𝑆 where
√𝐾𝐻𝑆

±
𝐾𝐻𝑆

= 𝐾𝑚 +

𝑓
(𝐾𝑖 − 𝐾𝑚

)−1

(3.4)

4
+ (1 − 𝑓)(𝐾𝑚 + 𝜇𝑚 )−1
3

and
±
𝜇𝐻𝑆

= 𝜇𝑚 +

𝑓
2(1
− 𝑓)(𝐾𝑚 + 2𝜇𝑚 )
(𝜇𝑖 − 𝜇𝑚 )−1 +
4
5𝜇𝑚 (𝐾𝑚 + 𝜇𝑚 )
3

(3.5)

with KHS (μHS) being the upper and lower bounds of the bulk (shear) modulus for the
composite, Km (μm) the bulk (shear) modulus of the matrix, Ki (μi) the bulk (shear) modulus
of the inclusions, and f the volume fraction of the inclusions. Consequently, the effective
Young’s modulus Eeff is given by

𝐸𝑒𝑓𝑓 =

9𝐾𝑒𝑓𝑓 𝜇𝑒𝑓𝑓
(3𝐾𝑒𝑓𝑓 + 𝜇𝑒𝑓𝑓 )

(3.6)

The bulk modulus of silk and AlN are 4.5 and 200 GPa,[250-252] respectively,
while the shear modulus of silk and AlN are 1 and 120 GPa,[250-252] respectively.
Previous measurements have shown that the modulus of silk is the same for crystallized
and amorphous phases.[253-255] This yields the dashed line in Fig. 3.9b which is in good
agreement with the experimental results.
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I model the ultimate strain by assuming that it is controlled by the SF. That is the
ultimate strain of each composite should be proportional to the average distance between
two single AlN particles if the failure is due to SF and not due to failure of the bond between
the SF and the AlN. The experimental data fit well with the model (Fig. 3.9a and 3.9b). In
particular, given that the strains on the order of 1%, there is no slippage of the bond between
the SF matrix and the AlN particles, confirming that the SF and AlN are tightly bound.
Note that the 10% AlN/SF sample is strong enough to support 100-g weight, which is over
thousand times of its own weight (Fig. 3.9c).

Figure 3.9 (a) Representative stress-strain curves of SF and AlN/SF composites. The
inset shows the elongation at break and the dotted line represents modeling results from
Eqs. (S2) and (S3). (b) Dependence of the of Young’s modulus and ultimate strength on
the volume fraction of AlN. The dotted line represents modeling results from Eq. (3). (c)
A demo picture shows a flexible single layer 10% AlN/SF is strong enough to support a
100 g weight.

The temperature dependence of the DSC heat flow and reversing heat capacity are
shown in Fig. 3.10a and Fig. 3.11a, respectively. All samples have a similar bound water
evaporation peak (Tw) in Fig. 3.11a near 31 °C (summarized in Table 3.1) due to the water
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annealing procedure, followed by a major degradation peak around 260 °C. The glass
transition steps showed in Fig. 3.10a are attributed to the reversible transitions of
amorphous component in the materials, from the frozen state to rubbery state as the
temperature goes up. Previous studies have shown that silk fibers have a glass transition
temperature Tg near 176 °C.[229, 256, 257] The value of Tg increased with the AlN
concentration (Fig. 3.10a & Table 3.1) due to the increase of -sheet crystallinity. By 25%
AlN, there was no clear indication of a glass transition even though the volume fraction of
random coils in the composite remained constant at about 20%.
To further understand the thermal stability of the composites, TGA (Fig. 3.10b and
Fig. 3.11b) was used to determine the mass loss during heating as a function of temperature.
Fig. 3.10b shows that the thermal stability of samples increased with the AlN
concentration. Thus, the weight remaining percentage at 800 °C increased with the increase
of AlN content in SF matrix (Table 3.1). For all samples, a multi-step mass loss mechanism
can be observed through the first derivative of the mass curves (Fig. 3.11b), with two major
degradation peaks (Td1 and Td2). Td1 increased with increasing AlN content, while Td2
decreased with increasing AlN content in SF matrix (Table 3.1). Although it is difficult to
determine which component is degrading in the two peaks of the AlN/SF samples, the shift
of the degradation peaks clearly suggests that the strong interaction between silk and AlN
has changed the thermal stability of the composites.

84

Figure 3.10 (a) Reversing heat capacity of SF and AlN/SF films. (b) Mass remaining of
SF SF, 2% AlN/SF, 4% AlN/SF, 10% AlN/SF, 15% AlN/SF, 25% AlN/SF and AlN from
room temperature to 800 °C.

Figure 3.11 (a) Heat flow curves and (b) the temperature derivative of the mass
remaining of AlN/SF films.
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Table 3.1
Thermal analysis data from DSC and TGA.
Mass fraction
at 800 °C

Tg

Tw

Td1

Td2

(°C)

(°C)

(°C)

(°C)

SF

177.3

31.2 207.6 390.1

30.4

2% AlN/SF

180.4

31.0 223.8 387.2

32.8

4% AlN/SF

183.5

30.6 214.2 388.9

34.2

10% AlN/SF

184.3

31.8 226.3 385.6

39.3

15% AlN/SF

186.4

31.4 224.1 373.3

40.9

25% AlN/SF

N/A

31.0 230.1 366.6

53.3

Sample

(%)

N/A indicate the value was undetermined; All numbers have an error of less than ±1 °C.

The thermal expansion is shown in Fig. 3.12a & b. The pure SF sample showed a
negative linear expansion of -37 ppm K-1. With increasing AlN concentration, the
magnitude of the coefficient of thermal expansion decreased, with 25% AlN having a value
of -15.7 ppm K-1, which is much lower than that of traditional polymers[212, 258] The
dashed line is a linear fit to the data which is compared with the model of Gibiansky and
Torquato for the effective coefficient of thermal expansion eff given by

𝛼𝑒𝑓𝑓 =

𝛼𝑚 𝐾𝑚 (𝐾𝑒𝑓𝑓 − 𝐾𝑖 )+𝛼𝑖 𝐾𝑖 (𝐾𝑚 − 𝐾𝑒𝑓𝑓 )
𝐾𝑒𝑓𝑓 (𝐾𝑚 − 𝐾𝑖 )

(3.7)

with 𝐾𝑒𝑓𝑓 being the effective bulk (shear) modulus of composites, 𝐾𝑖 and 𝐾𝑚 the bulk
(shear) modulus of the AlN inclusions and matrix, respectively; 𝛼𝑖 and 𝛼𝑚 the coefficients
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of thermal expansion of the AlN inclusions and pure SF matrix, respectively.[259-261] It
is notable that the deviation from the model is not sizable but it is significant. The fact that
the elastic modulus follows the theory while the magnitude of the thermal expansion is less
than expected may be an indication that there is enhanced bonding between the AlN
particles[262] which prevents the thermal expansion of the SF matrix. Since the model
uses the value for 𝛼𝑚 for pure SF, which has the highest crystalline content and therefore
a lower magnitude for 𝛼𝑚 than the actual SF content in the composites, the model perhaps
underestimates the magnitude of 𝛼𝑒𝑓𝑓 .

Figure 3.12 (a) Dimension change of SF and AlN/SF composites with a function of
temperature. (b) Linear thermal expansion of AlN/SF films. The dotted line represents
modeling results from Eq. (3.7).
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The thermal conductivity  of the pure SF film in the in-plane direction was 0.28
Wm-1K-1.[223, 263-266] AlN has a high thermal conductivity of ~320 Wm-1K-1 [219-221]
and thus the composites have larger  values than SF does (Fig. 3.13). Assuming that one
can ignore interfacial thermal resistance, one can model the thermal conductivity via the
Maxwell Garnett equation[267]

𝜅𝑒𝑓𝑓 = 𝜅𝑚

2𝑓(𝜅𝑖 − 𝜅𝑚 ) + 𝜅𝑖 + 2𝜅𝑚
2𝜅𝑚 + 𝜅𝑖 − 𝑓(𝜅𝑖 − 𝜅𝑚 )

(3.8)

where eff is the effective thermal conductivity of the AlN/SF film, m the thermal
conductivity of the matrix, and i the thermal conductivity of the inclusions. The predicted
values are low because the SF matrix is thermally insulating and there is no significant
contribution to  by the AlN until percolation, which occurs at f = 1/3 for the present model.
Note that the deviation of the data from the model is particularly sizable. There are
numerous reasons why the model may overestimate the value of , including interfacial
scattering and size effects. The observed underestimate is most likely due to percolating
networks of AlN particles in the SF as seen in Fig. 3.3.
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Figure 3.13 Thermal conductivity of SF and AlN/SF films. The dotted line represents
modeling values from the Maxwell-Garnet theory, Eq. (3.8).

To investigate this in more detail, pure SF and 25% AlN/SF samples were coated
by magnetron sputtering with a layer of patterned copper of 1 m thick. Leads were
attached to the copper and both samples were subjected 0.1 W of ohmic heating. When the
heat distribution on both samples reached the steady state, the temperature at the center of
pure SF was nearly 70 °C, which is much higher than the 35 °C found for the 25% AlN/SF
sample and in accord with the tenfold increase in  as the thermal gradient is proportional
to the in-plane conductivity for a thin film.[268, 269]
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Figure 3.14 Both the SF and 25% AlN/SF were coated with a copper film of about 1 μm
in thickness. Leads were attached to the contact pads and 0.1 W of power was supplied
for 5 minutes. (a) and (c) are images of SF and 25% AlN/SF samples coated with the
patterned copper thin films. (b) and (d) are the thermal images of SF and 25% AlN/SF
sample, respectively.
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Figure 3.15 Dielectric constant of SF and AlN/SF composites at 75 kHz. The dotted line
represents the expected values from Maxwell-Garnet theory, Eq. (3.9).

The dielectric properties of SF and AlN/SF composites were also investigated to
further investigate the particle structure. Fig.3.16 shows the frequency dependence of the
dielectric constant and loss tangent at room temperature. The real part of the dielectric
constant  as a function of AlN content is shown in Fig. 3.15 and Fig. 3.16, which increased
with the increase of AlN content. It also was modeled with the Maxwell Garnett equation:

𝜀𝑒𝑓𝑓 = 𝜀𝑚

2𝑓(𝜀𝑖 − 𝜀𝑚 ) + 𝜀𝑖 + 2𝜀𝑚
2𝜀𝑚 + 𝜀𝑖 − 𝑓(𝜀𝑖 − 𝜀𝑚 )
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(3.9)

where εeff is the effective dielectric constant of the composite, εm the dielectric constant of
the SF matrix, εi the dielectric constant of the AlN inclusions, and f the volume fraction of
those inclusions.

Figure 3.16 Frequency dependence of (a) the dielectric constant and (b) the loss tangent
of AlN/SF films at room temperature.

The agreement is reasonable except for the highest AlN content, where the
measured value is somewhat larger than the predicted one. That difference might be related
to enhancement due to a decrease in the effective depolarization factor of the AlN particles
which arises when the particles form networks. Alternatively, one must also recall that the
amorphous component of SF has a larger dielectric than the crystalline form.[253, 260]
That may also contribute to larger value of of the composite, although it is unlikely to be
the predominant factor.
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3.3.3 Fire-Retardance
Materials with good flame retardancy have a wider range of application. Fig. 3.17a
shows that the pure SF sample ignited after 1s and burned throughout the duration and
eventually bent. The 25% AlN/SF composite showed significantly better fire resistance.
The film retained its original shape after burning for more than 20 minutes. The AlN
particles distributed in the SF substrate make it more flame retardant. Accordingly, the
TGA results also show that at 800 °C, AlN/SF has more residue as the concentration of
AlN increases (Table 3.1).

Figure 3.17 Fire-retardant properties of AlN/SFfilms. Photographs of (a) SF and (b)
AlN/SF 25% films heated by a flame torch at different times.

3.3.4 Mechanism
There is clear interaction between the SF and the AlN, probably due to the
formation of hydrogen bonds between the N atoms in AlN and SF proteins. According to
the SEM and EDS data, it is believed that the AlN particles distribute homogeneously at
lower concentration. However, at higher concentration, the AlN particles formed a
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continuous network. Fig 3.18 shows a schematic of the proposed secondary structure of
the composite. X-ray studies show that the SF and AlN particles are randomly oriented,
but the particles are tightly bound to SF fiber by hydrogen bonding as evidenced by the
trend in the glass transition temperature and the coefficient of thermal expansion. In
particular, the behavior of the glass transition behavior is consistent with AlN forming a
network which encapsulates the amorphous component. This network structure and
hydrogen bonding are central to the significantly enhanced thermal conductivity[227] of
the composites, making them viable candidates for thermal management.

Figure 3.18 Schematic diagram of secondary structure of (a) silk fibroin, and distribution
of AlN in (b) 10% AlN/SF and (c) 25% AlN/SF, respectively.

3.4 Conclusion
In summary, this study investigated the physical and structural properties of
AlN/SF composites. I found layered structures in the cross section of the AlN/SF films. In
the SF component, the content of the β-sheet crystal decreases as the AlN content increases.
AlN/SF has good thermal stability, low linear thermal expansion, and higher stiffness while
94

maintaining flexibility. The 25% AlN/SF has a negative linear thermal expansion of at 15.7 ppm K-1. The thermal conductivity of AlN/SF is also significantly improved, which
result from AlN forming networks to provide paths of low thermal resistance. This is aided
by the strong hydrogen bonding between the AlN and SF which reduced the interfacial
phonon scattering. This work demonstrates that there can be significant interaction between
organic and inorganic phases in composite materials, and the effects can be synergistic to
create greatly enhanced materials which can be tailored for a variety of applications.
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Chapter 4
Thermal Conductive Biofilms from Silk/BN-Sheet Composites
4.1 Introduction
Heat dissipation is a critical issue for the good performance and reliability of
electronics. Removing the large amount of heat made by the fast processing system in time
can build a high-performance system for digital devices. Because of its good electrical
insulation, ease of processing, low density and tunable mechanical properties, polymerbased high thermal conductivity composites seem promising. Silk fibroin fibers are natural
and renewable polymers which feature strong mechanical strength and toughness due to its
hierarchical structure[270], and they have been widely used in biomedical devices because
of their good biocompatibility and biodegradability. As the FDA-approved materials for in
vitro and in vivo use, silk fibroin material has been engineered into various types of
biomedical materials, such as nanoparticles, scaffolds, and films, and their water solubility
and other properties can be manipulated through modifying the secondary structure, most
of the cases are β-sheet nanocrystals, of the silk protein. It’s well known that high
crystallinity contributes to high thermal conductivity because it minimized phonon
scattering. Studies done on silk materials demonstrate that the disordered portion of the
silk protein can play a dominant role in the heat transfer[271] for that reason. Even though
the bulk silk materials show much low thermal conductivity (~0.2 W m−1 K−1), its
exceptional strength and renewability make it a good matrix for thermal management
materials.
Many common materials with high thermal conductivity are metals, such as silver
and copper where the heat is conducted by free electrons. However, their electric
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conductivity limits their applications for electronics, and so considerable effort has been
applied to develop electrically insulating phases with high thermal conductivity. Among
them, boron nitride (BN) has found practical applications in thermal transportation. There
are four types of BN (a-BN, h-BN, c-BN and w-BN) according to its crystalline forms.
Both h-BN and c-BN show excellent thermal conductivity, thermal and chemical stability.
h-BN shows a highly anisotropic thermal conductivity with ~ 420 and ~30 W m−1 K−1 for
in-plane and cross-plane direction, respectively[272-278]. The relatively lower cross-plane
value of  of h-BN is attributed to the acoustic phonons scattering at the interlayer of BN
nanosheets [279-281]. However, BN is often used a ceramic and the resulting brittleness
restricts it utility.
The ideal case is a composite material with higher  values and desired mechanical
properties. Thr large anisotropy in thermal transportation and good electrical insulation of
h-BN make it ideal reinforcing filler for thin-film thermal management materials. Given
the low thermal conductivity of bulk silk protein, simply mixing silk and BN does not
increase the thermal conductivity of the composite largely. The  values of composite
materials is also limited by many other factors, such as interface, defects and voids in the
matrix, chain alignment of the matrix, and filler alignment[282-285] [286]. On the other
hand, one study showed that the weakest chemical bonds of nanoconfined β-sheet
nanocrystals, hydrogen bonds, give silk fiber its exceptional strength [287]. Inspired by
this, I considered hydrogen bonds formed between amino acid groups on silk fibroin chains
and BN would reduce the thermal resistance between the silk protein and BN.
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Here I demonstrate that SF/BN composites have enhanced  values which I have
achieved through water annealing to induce more β-sheet nanocrystals and strengthen the
interactions between SF and BN. In addition, by processing I can align both h-BN
nanosheets and β-sheet nanocrystals. The highly oriented structure has fewer defects which
leads to this substantial effect. This environment friendly functional material provides an
alternative for the electrical and electronics industry.
4.2 Experimental Section
4.2.1 Raw Materials
Bombyx mori cocoons were purchased from Treenway Silks (Lakewood, CO,
USA). The silkworm cocoons were degummed to remove the sericin coatings and extract
the pure silk protein fibers by boiling in a 0.02 M NaHCO3 (Sigma-Aldrich, USA) solution
for 30 min followed by thorough rinsing with deionized water. The degummed silk fibers
were air dried overnight and put into a vacuum oven at room temperature for 24 h to remove
the remaining moisture. Formic acid (ACS Grade 98%) was purchased from EMD
Millipore Corporation (Burlington, MA, USA), calcium chloride (anhydrous, ACS Grade)
was purchased from AMRESCO Inc. (Solon, OH, USA), and hexagonal-boron nitride
(98%) was purchased from Aldrich chemistry. All the chemicals were used as purchased.
4.2.2 Material Synthesis
Pure mori protein fibers were firstly dissolve into formic acid solution with 4 w/v%
calcium chloride at room temperature. The pure silk solution was firstly centrifuged to
remove impurities. Afterwards, BN nanosheets were added into the SF solution at different
ratios so that the resulting composites had a volume fraction of BN of up to 30%. The
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density of dry state SF films and BN were measured to be 1.4 and 2.1 g/cm3, respectively.
The mixture solution was mixed by a vortex mixer for 15 minutes to distribute the BN
nanosheets distribute evenly throughout the solution. The solution was then immediately
cast onto polydimethylsiloxane (PDMS) substrates to form films. Films were left to dry 2
days in the fume hood at room temperature. Henceforth, these as cast samples are
designated as x% ac-BNSF where x represents the volume fraction of BN. These samples
were annealed in DI water for 1 h to remove the formic acid residue and CaCl2, and promote
the hydrogen bonding between SF and BN. A batch of these samples were left in a 30 °C
vacuum oven to dry for 2 days before the tests. These unprocessed samples are designated
as x% up-BNSF where x represents the volume fraction of BN. The weight of another batch
of these samples were recorded first, and the samples were dried in a 30 °C vacuum until
there was10 wt% water left. Afterwards, the film was pressed under 500 kPa for 10 minutes,
and then the samples were fixed with our self-designed clips and left in a 30 °C vacuum
oven to dry for 2 days before the tests. These water-annealed and soaked-pressed samples
are designated as x% BNSF where x represents the volume fraction of BN.
Cross-section morphology of the composite films were characterized with a FEI
Teneo LV SEM (Oregon, USA). The surface profiling portfolio of the composites is
characterized by MicroXAM-100 (KLA Tencor, USA) optical interferometer. The
elemental distribution of BN was characterized by energy dispersive X-ray spectroscopy
(EDS, Oxford Instruments). Structure information of the composites were characterized
using a Bruker Tensor 27 Fourier-Transform Infrared Spectrometer (Bruker Tensor 27,
USA) equipped with a deuterated triglycine sulfate detector and a multiple reflection,
horizontal MIRacle ATR attachment (Pike Tech, USA). For each measurement, 128 scans
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were co-added with a resolution of 4 cm-1. Wide-angle X-ray scattering (WAXS) was
conducted with a Panalytical Empyrean X-ray diffractometer. The setup included a fixed
anode X-ray source for Cu Kα radiation (wavelength λ = 0.154 nm), operating at 45 kV
and 40 mA. The scattering angle 2θ ranged from 5° to 70°, and data were taken in steps of
0.013º with a hold time of 30 s/step. Measurements were taken as a function of the film
orientation with the sample plane being rotated from 0° to 90° with respect to the incident
beam (Fig. 4.1). Raman spectroscopy was done with A LabRAM HR Evolution Raman
spectrometer (Horiba, Japan).

Figure 4.1 X-ray scattering geometry.
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Glass transition temperature and heat capacity of the samples were measured by
Q100 DSC (TA Instruments, USA), The measurements were taken at a heating rate of
2 °C/min with a temperature modulation amplitude of 0.318 °C per 60 seconds. Thermal
stability of the samples was characterized by a TA Instruments SDT Q600. The mechanical
test was conducted with a Universal Tensile Tester (SHIMAZDU, Japan) with 100 N force
at 5 mm/min. The relative humidity of the day these samples were measured was around
40%. The coefficient of thermal expansion (CTE) was measured by a Q400 (TA
Instruments) thermal mechanical analyzer (TMA) from 25 to 120 °C at a scan rate
10 °C/min. The sample was pre-loaded with 50 mN of force.
Thermal conductivity of all the samples were measured at 300 K. The in-plane and
cross-plane TC of up-BNSF composites, and the in-plane TC of BNSF composites were
measured with a Physical Property Measurement System (Quantum Design, USA) with the
thermal transport option (TTO) under steady-state conditions. Leads were attached with
silver epoxy to a film sample with an area of 5 × 20 mm, and measurements were taken at
vacuum below 9 × 10-5 Torr. The cross-plane TC of BNSF composites were conducted
with the Light Flash Apparatus (LFA 467 HyperFlash, NETZSCH, USA). The specimen
was cut into a round shape with diameter of 25.4mm, with a thickness around 0.3 mm. The
thermal diffusivity (D) was firstly measured at 300 K using the laser flash diffusivity
method (Netzsch LFA-467), with laser voltage at 260V. The thermal conductivity was
calculated from
κ = D*Cp*ρ
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where the κ is thermal conductivity (W m-1K-1), Cp is the heat capacity of the material, and
ρ is the density of the material.
The infrared thermal images were taken with a Seek Reveal thermal imaging
camera (California, USA). Parallel flame testing was performed on pure SF and 25% BNSF
film. The size of the sample was 25 mm in length and 6 mm in width. A propane torch was
used, and the samples were heated by flame until they were completely burned. The
dielectric constant and loss were measured with an Agilent 4285A Precision LCR Meter
(Agilent, USA).
4.3 Result and Discussion
4.3.1 Fabrication and Morphology of the BNSF Films

Figure 4.2 Schematic diagram for synthesizing BNSF composites. a) shows dry state as
cast samples; b) shows the ac-SF and ac-BNSF samples are annealed in deionized water;
c) The annealed samples are drying; d) the wet-state samples are pressed under 500 kPa
for 10 minutes; e) Samples were fixed using self-designed clips and dry.
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Key procedures for preparing the BNSF films with aligned BN nanosheets and
higher crystallinity are shown in Figure 4.3. To promote thermal conduction, ac-BNSF
films were annealed in DI water (Figure 4.3b). During this procedure, the SF fibrils gain
more mobility and self-assembled in more ordered structure and the higher crystallinity
can be achieved. In addition, the remaining FA and CaCl2 can be completely removed,
which reduced the impurity of the composite system and the matrix-filler interface. To get
aligned BN nanosheets in the SF matrix, the annealed films were pressed under 500 kPa
for 10 min (Figure 4.3d). However, to keep the mobility of both the BN nanosheets and
silk fiber, 10 wt% of the total amount water absorbed in the annealing step was maintained
(Figure 4.3c). I found that the composite film would curl while drying so the film was held
under biaxial in-plane tension by a home-built fixture (Figure 4.3e). The tension is
believed to induce more crystals and maintain the alignment of the BN nanosheets.
Photos of 15% ac-BNSF film (up) and 15% BNSF film (down) are shown in Figure
4.3a. Both samples show a uniform white color, while the 15% BNSF is uniform in
thickness and shows a flat surface. The surface profiling portfolio of 30% BNSF film shows
a rather smooth surface with Ra at 0.29 μm and Rq at 0.35 μm (Figure 4.3b, Figure 4.4 and
Table 4.1). The alignment of both BN nanosheets and layer-by-layer SF can be clearly
observed in the cross-section of 30% BNSF film (Figure 4.3c & 3d, Figure 4.5 and Figure
4.6). To make the alignment of BN nanosheet more clearly, FFT is applied to filter the SF
matrix (black part in Figure 4.3f) and highlight the alignment of the BN nanosheets.
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Table 4.1
Roughness parameters of SF and 30% BNSF films.
SF
Mean
Rp
Rv
Rt
Ra
Rq
Rsk
Rkr

7.0 μm
375.8 nm
825.5 nm
1.2 μm
111.4 nm
154.3 nm
-1.620
3.238

30% BNSF
6.7 μm
836.7 nm
1.2 μm
2.0 μm
287.8 nm
354.9 nm
-0.246
-0.199

The spatial distribution of various elements in the composites was characterized by
EDS. There is no CaCl2 left in the film after water annealing (Figure 4.7), and this confirms
the composite consists of only BN and SF. In addition, the BN spatial distribution is nearly
homogeneous after annealing (Figure 4.3e and Figure 4.9).
The structural makeup of the constituents was studied with Raman spectroscopy.
BN shows a sharp peak at 1368 cm-1 (Figure 4.3h and Figure 4.8), and it is attributed to the
high frequency intralayer E2g vibration mode. Pure Mori silk sample shows a broad peak
at 1669 cm-1, which is the β-sheet/β-turn configuration of the polypeptide backbone[288].
However, the peak at 1669 cm-1 becomes sharper and slightly decreases to 1663 cm-1,
which suggest more random coils and alpha-helix structures are formed as the BN content
increases.
Details of SF secondary structure were characterized by the FTIR by Fourier selfdeconvolution (FSD). After the water-annealing and compression, a broad peak at 1638
cm-1 in amide I region shifts from to a sharp peak at 1623 cm-1 (Figure 4.3i and Figure
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4.10), indicating these processes inhibit the formation of random coils/extended chains and
promoted β-sheet crystals structure [164]. However, as the BN loading increased, the
shoulder at 1649 cm-1 grew, and the peak at 1622 cm-1 gradually shifted to a higher value
at 1624 cm-1, indicating that the addition of BN nanosheets inhibited the formation of βsheet crystals and promoted the random silk structure (Fig. 4.3j) in accord with the Raman
results.
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Figure 4.3 Morphology and structural characterizations of the BNSF composites. a)
Photos of 15% ac-BNSF film (up) and 15% BNSF film (down); b) Surface roughness of
30% BNSF film; c) and d) are cross-section morphology of 30% BNSF film, which
shows the well-aligned structure; e) Cross-section EDS B(boron), N(nitride) and
C(carbon) element mapping of 15% BNSF film. f) FFT processed data of 25% BNSF
film; g) FFT processed data of 25% BNSF film. h) Raman spectroscopy of h-BN
nanosheets, 6% BNSF and SF films; i) FTIR spectrum results for ac-SF and SF films. j)
FTIR spectrum results for BN, SF and BNSF films with different BN loading, which
shows the impact of the added BN on the secondary structure of silk fibroin.
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Figure 4.4 Surface roughness of (a) SF and (b) 30% BNSF film; (c) and (d) show
roughness parameter of the two lines showed in (a) and (b), respectively.
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Figure 4.5 Cross-sectional SEM images of (a) SF, (b) 3% BNSF, (c) 6% BNSF, (d) 15%
BNSF, (e) 25% BNSF films. Red arrows show the alignment of h-BN sheets parallel to
the in-plane direction of the film.
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Figure 4.6 Cross-sectional SEM images of (a) 6% BNSF and (d) 25% BNSF, (b) and (e)
are FFT processed SEM images of 6% BNSF and 25% BNSF, respectively;(c) and (f) are
FFT processed alignment images of 6% BNSF and 25% BNSF films, respectively.
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Figure 4.7 EDS element (C, N, O, Cl and Ca) mapping in SF.

Figure 4.8 EDS element (C, N, B) mapping in BNSF films with different BN loading.
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Figure 4.9 Raman spectra of (a) SF, (b) 3% BNSF, (c) 6% BNSF, (d) 15% BNSF, (e)
25% BNSF, (f) 30% BNSF, (g) h-BN samples.
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Figure 4.10 FTIR spectra of SF, h-BN and BNSF composites.

The orientation of β-sheet crystals and BN was studied by WAXS (Figure 4.11c &
4.11d). The BN sample shows a strong sharp peak (002) and six relatively weak peaks,
corresponding to (100), (101), (102), (004), (110) and (112) h-BN planes (Figure 4.12,
Figure 4.13). The up-SF (Figure. 4.12) showed a broad peak centered at 20.6° (silk II
structure, β-sheet crystals) with a shoulder at 24.5° (silk I structure), while the SF film
showed a much narrower peak at 20.6°. Those results demonstrate that β-sheet crystals are
randomly oriented (Fig. 4.11c, Fig. 4.12) in the up-BNSF films, while well oriented in the
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BNSF films. The BN nanosheets are randomly oriented in up-BNSF films while well
aligned in the BNSF films (Figure 4.11c,11d and Figure 4.13). This confirms the FFT
analysis in Figure 4.3g and Figure 4.6.
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Figure 4.11 a) In-plane and cross-plane thermal conductivity of up-SF and up-BNSF
samples; b) In-plane and cross-plane thermal conductivity of SF and BNSF samples;
WAXS patterns of (c) 25% up-BNSF and (d) 25% BNSF films at different orientations,
respectively. The inset images show the alignment of h-BN nanosheets in the silk fibroin
matrix; e) Volume fraction of β-sheet crystals and random coils of the silk fibroin
component for ac-SF and ac-BNSF samples; f) Volume fraction of β-sheet crystals and
random coils of the silk fibroin component for SF and BNSF samples.
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Figure 4.12 WAXS patterns of (a) UP-SF, (b) 3% UP-BNSF, (c) 6% UP-BNSF, (d) 15%
UP-BNSF, (e) 25% UP-BNSF, (f) 30% UP-BNSF films at different orientations.

Figure 4.13 WAXS patterns of (a) SF, (b) 3% BNSF, (c) 6% BNSF, (d) 15% BNSF, (e)
25% BNSF, (f) 30% BNSF samples.
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Thermal stability of the BNSF samples was studied by TGA and temperature
modulated DSC. BN shows an excellent thermal stability as expected (Figure 4.14c). All
samples except the BN showed a slow degradation temperature around 250 °C. The weight
remaining percentage at 900 °C increased with the increase of BN loading. The first
derivative of the mass loss curve (Figure 4.15a) shows a multi-step mass loss mechanism,
and it is believed that the amorphous part of the SF degrades at lower temperature than the
crystalline part does. Although it is difficult to determine the degradation order of each
secondary structure component, the shift of the degradation peaks clearly suggests that the
strong interaction between silk and BN has formed.
The temperature dependence of reversible heat capacity and heat flow of BNSF
films are shown in Figure 4.14d and Figure 4.15b, respectively. SF and BNSF composites
firstly show a broad endothermic peak between 25 and 100 °C, which is attributed to the
evaporation of bound water in the composite (Figure 4.15b). SF shows an endothermic
peak around 270 °C, which is caused by degradation. As the BN content increases, the
degradation endothermic peak diminishes and the degradation temperature also slightly
shifts to higher temperature, which is caused by the lower content of silk in the composites
and the stronger bonding between BN and SF. A clear glass transition can be seen in the
SF sample near 176 °C. As the BN content increases, the glass transition of the BNSF
composite becomes weak and disappears by 15% BN.
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Figure 4.14 a) Relations of dimension change of ac-BNSF and BNSF films with
temperature. b) Relations of CTE of ac-BNSF and BNSF films with BN loading. The
dotted line represents modeling results from Eq. (2). c) Mass remaining of BN, SF and
BNSF films; d) Reversing heat capacity of BN, SF and BNSF films.
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Figure 4.15 (a) The temperature derivative of the mass remaining of SF and BNSF
samples from TGA; (b) DSC heat flow curves of SF and BNSF samples.

4.3.2 Anisotropic Thermal Conductivity and Thermal Stability of BNSF Films
Thermal conductivity of up-BNSF and BNSF film were both measured in in-plane
( and cross-plane (⊥) direction for comparison. For the up-SF film  and ⊥ were 0.24
W m−1 K−1 and 0.33 W m−1 K−1, respectively. Since BN has a much higher thermal
conductivity than that of the SF matrix, the ac-BNSF films have larger κ values than ac-SF
does (Figure.4.11a). However, ac-BNSF films do not show anisotropy in thermal
conductivity which agrees with the random dispersion of the beta sheets and the BN
nanosheets. SF film shows a slightly higher values for  and ⊥ than those of ac-SF film
at 0.59 W m−1 K−1 and 0.45 W m−1 K−1, respectively. This might be attributed to the higher
crystallinity and better alignment of the glycine-rich matrix [271]. As the BN loading
increased, film  and ⊥ of the BNSF films also increased, with  30% BNSF reaching
16 W m−1 K−1. The anisotropy of the BNSF films increased from 1.3 for SF to ~5.3 for 6%
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BNSF and above. Assuming the interfacial thermal resistance can be ignored, the thermal
conductivity can be modelled via the Maxwell Garnett equation [267]

𝜅𝑒𝑓𝑓 = 𝜅𝑚

2𝑓(𝜅𝑖 − 𝜅𝑚 ) + 𝜅𝑖 + 2𝜅𝑚
2𝜅𝑚 + 𝜅𝑖 − 𝑓(𝜅𝑖 − 𝜅𝑚 )

(4.1)

where eff is the effective TC of the BNSF film, m the TC of the SF matrix, and i the TC
of the BN inclusions. The predicted values are low because the TC of SF matrix is
significantly lower than that of BN, and there is no significant contribution to  by the BN
until percolation. The deviation of the experimental data from the model is particularly
obvious, and there are numerous reasons why the model may overestimate the value of ,
including interfacial scattering and size effects.
The thermal expansion of ac-BNSF and BNSF films is shown in Figure 4.11a & b.
All the samples show a negative coefficient of thermal expansion (CTE), and the absolute
value of the CTE decreased as BN loading increased. The BNSF films show a much smaller
CTE than the ac-BNSF films, with 30% BNSF having a value of -10.48 ppm K-1, indicating
the water annealing, soaked-compression and fixed drying strategy strengthen the SF-BN
interactions. The dashed line shows the fitted effective coefficient of thermal expansion
eff using Gibiansky and Torquato model given by

𝛼𝑒𝑓𝑓 =

𝛼𝑚 𝐾𝑚 (𝐾𝑒𝑓𝑓 − 𝐾𝑖 )+𝛼𝑖 𝐾𝑖 (𝐾𝑚 − 𝐾𝑒𝑓𝑓 )
𝐾𝑒𝑓𝑓 (𝐾𝑚 − 𝐾𝑖 )

(4.2)

with 𝐾𝑒𝑓𝑓 being the effective bulk (shear) modulus of composites, 𝐾𝑖 and 𝐾𝑚 the bulk
(shear) modulus of the BN inclusions and SF matrix, respectively; 𝛼𝑖 and 𝛼𝑚 are the CET
of the BN inclusions and pure SF, respectively. For the ac-BNSF samples, the modeling
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data is slightly lower than the experimental data. For the BNSF samples, the experimental
data is slightly lower than the modelling data. It indicates the BNSF films have much more
expansion stability upon heating than that of ac-BNSF samples, and this can be attributed
to the enhanced bonding during the post treatment of the samples.
4.3.3 Flexible and Electrical Insulation Material
Figure 4.16 shows the mechanical properties of the composite. Silk fibers are
known for outstanding mechanical properties, such as high elastic modulus and elongation
values. Studies have shown that these exceptional mechanical properties are attributed to
the highly ordered β-sheet nanocrystals and hydrogen bonding in the silk proteins[287].
BN is also known for its high mechanical strength and elasticity. The ac-BNSF films show
a much larger maximum strain ratio than that of BNSF films. This can be attributed to the
large amorphous component in the ac-BNSF sample. Young's modulus of BNSF film is
much larger than that of ac-BNSF. There is no clear trend found in the Young’s modulus
of ac-BNSF films, but its value increased as the BN loading increased. It is known that
water molecules functions as plasticizer in the silk protein, which make the silk film
flexible. Therefore, this might be caused by the hydrophobicity of the BN, which make it
less moisture in the composites when the BN loading is high. And the young’s modulus of
BNSF films generally decreased with the BN content (Fig. 4.16d), it suggests that the silk
component plays a dominated part in controlling the mechanical property and the stronger
interactions between silk protein and BN nanosheets in the BNSF film after the wetpressing.
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Figure 4.16 Representative stress-strain curves of (a) ac-SF and ac-BNSF films, (b) SF
and BNSF films; c) Relations of elongation at break of ac-BNSF and BNSF films with
BN loading; d) Relations of Young’s modulus of ac-BNSF and BNSF films with BN
loading.

The dielectric properties of SF and BNSF films were also investigated to further
explore the composite applications. The frequency dependence of the dielectric constant
and loss tangent at room temperature are shown in Figure 4.17a and Figure 4.18. The real
part of the dielectric constant  as a function of BN content is shown in Figure 4.17b, which
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decreased with the increase of BN content. Its theoretical value was modeled with the
Maxwell Garnett equation:

𝜀𝑒𝑓𝑓 = 𝜀𝑚

2𝑓(𝜀𝑖 − 𝜀𝑚 ) + 𝜀𝑖 + 2𝜀𝑚
2𝜀𝑚 + 𝜀𝑖 − 𝑓(𝜀𝑖 − 𝜀𝑚 )

(4.3)

where εeff is the effective dielectric constant of the BNSF composite, εm and εi are the
dielectric constant of the SF matrix and AlN inclusions, respectively. And f is the volume
fraction of those inclusions.

Figure 4.17 a) Dielectric constant of SF and BNSF films with frequency from 75 kHz to
300 MHz; b) Relations of dielectric constant of SF and BNSF films at 75 kHz with BN
loading.
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Figure 4.18 Frequency dependence of the loss tangent of SF and BNSF films at room
temperature.

4.3.4 Thermal Management Capability and Fire-Retardance of the BNSF Composites
To investigate the thermal management capability of the BNSF, 15% up-BNSF and
15% BNSF were kept in a 65 °C over for long enough time (more than 5 hours), and then
taken out and kept in the lab with the temperature at 20 °C. The heat distribution on both
samples were recorded by infrared camera at different time. At 5 s, 15 BNSF film shows
much smaller high temperature region (white color) than that of 15% up-BNSF film, and
the 15% BNSF film also shows a much more pronounced temperature gradient than that
of 15% up-BNSF. It took 110 and 35 seconds for 15% ac-BNSF and 15% BNSF films to
reach the steady state (20 °C), which indicates the enhanced TC of the BNSF films.
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The BNSF composite shows better flame retardancy than SF film (Figure 4.19c &
d), which suggests a wider range of applications. Shown in Figure 4.19c, SF film was
ignited and the burning lasted 10 s as it bent and eventually shrank. The 30% BNSF film
showed a blue flame at 5 s and showed a bright green flame at 90 s due to the boron. That
sample maintained its original shape. This result is consistent with the TGA results that
30% BNSF retains up to 59% of its original weight.
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Figure 4.19 15% up-BNSF and 15% BNSF films were kept in a 65 °C oven for long
enough time (more than 5 hours), (a) and (b) are the thermal images of 15% up-BNSF
and 15 BNSF films, respectively, when they cool down in a lab at 20 °C; Photographs of
(c) SF and (d) 30% BNSF films heated by a flame torch at different times.

4.4 Conclusion
In the present study, a facile and low-cost method was used to fabricate SF and BN
composite. The BNSF film shows enhanced thermal conductivity of up to 15 W m−1 K−1
in the in-plane direction and has sizable anisotropy. Based on the cross-section morphology
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and X-ray analysis, the enhanced thermal conductivity and accompanying anisotropy are
attributed to the good alignment of the BN nanosheets and the strong interaction between
the BN and SF matrix. The BNSF composites also have low coefficient of linear thermal
expansion and are reasonably stiff yet maintain flexibility. These composites also have
good electrical insulation and flame retardancy and shows promising potential as green and
renewable materials for thermal management in electronic devices.
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Chapter 5
Thermal Conductive Nanofibers from Silk/BN-Sheet Composites
5.1 Introduction
Electrospinning is an unique technique to stretch polymer droplets at high speed by
the electrostatic field force and then phase-separate polymer chains and solidified them
into fibers [289-291]. The physical properties of the fibers, such as diameter, morphology,
mechanical strength, crystallinity, and specific surface area, can be controlled by adjusting
the parameters of electrospinning [292]. Controlling the diameter of the fibers has great
effect on their physical properties. When the fiber diameter is relatively large, the specific
surface area of the fiber will be small, and more defects on the fiber surface could generally
reduce the mechanical strength of the fiber [290, 293]. When the diameter of the fiber is
less than 1 µm, the mechanical properties of the nanofiber will be greatly improved because
the surface defects of the fiber are reduced [294]. Electrospinning is an effective technique
to produce nanofibers with tunable properties that has been used in biomedical science,
environmental research, clean energy in recent years.
Silk protein is a renewable natural material with good biocompatibility and
degradability [143, 295, 296]. Natural silk fiber has excellent mechanical properties, it has
extremely high tensile strength and excellent ductility. These excellent functions make it a
good application prospect in the biomedicine fields. Silk protein usually comes from
silkworm and spiders. Different silk protein sources lead to different physical and chemical
properties. Genetic engineering techniques have been used to adjust gene sequences to
manipulate amino acid composition to obtain silk protein materials with special functions
[297-299]. The secondary structures of silk protein has also been well studied, and the
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structure of silk protein can be manipulated to obtain specific functions through postprocessing [164, 300]. Natural silk proteins and recombinant silk proteins have been widely
used as scaffolds for tissue engineering, and microspheres for drug delivery. It was found
that the thermal conductivity of silk can be greatly improved by increasing the crystallinity
of silk protein [12, 61, 282]. Boron nitride (BN) nanomaterials have excellent thermal
stability, thermal conductivity and stable chemical properties, and also have very good
insulation properties [275, 276, 301, 302]. Cell and animal experiments also show that
boron nitride has no cytotoxicity and does not have any negative effects on animal signs
within a suitable dose, which indicates that boron nitride is also biocompatible [303-305].
In recent years, the application of boron nitride in the field of biomedicine has been
gradually developed. Functionally modified boron nitride nanoparticles have made great
progress as a delivery system for treating tumor drugs [306-308]. However, the
hydrophobicity and extremely stable chemical properties of boron nitride also limit its drug
release response in drug delivery [307, 309]. Therefore, by making hydrophobic boron
nitride and hydrophilic silk protein into a composite material so that it has more
controllable functions will significantly expand its application scope.
In this study, h-BN nanosheets and Bombyx Mori silk fibroin protein solution
mixture was electrospun into nanofibers. I investigated the interaction between the h-BN
and protein matrix. Imact of h-BN on the morphology and diameters of electrospun BNsilk fibroin (BNSF) fibers were studied by scanning electron microscopy (SEM). Effects
of h-BN on the secondary structure of silk protein was investigated using Fourier-transform
infrared spectroscopy (FTIR). Thermal stability and properties of the BNSF electrospun
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nanofibers were studied using thermogravimetric analysis (TGA) and temperaturemodulated differential scanning calorimetry (TM-DSC).
5.2 Experimental Section
5.2.1 Raw Materials
Bombyx mori silk cocoons were purchased from Treenway Silks (Lakewood, CO,
USA). Silk cocoons were firstly degummed by boiling in a 0.02 M NaHCO3 (SigmaAldrich, St. Louis, MO, USA) solution for 30 min. Then the degummed fibers were rinsed
three times in DI water to thoroughly remove the sericin coatings. The rinsed silk fibroin
fibers were dried in a vacuum oven overnight [3, 310]. The following materials were used
as purchased: formic acid (ACS Grade 98%) was purchased from EMD Millipore
Corporation (Burlington, MA, USA), calcium chloride (anhydrous, ACS Grade) was
purchased from AMRESCO Inc. (Solon, OH, USA), and h-BN powders (~1 μm, 98%)
were purchased from Aldrich chemistry.
5.2.2 Material Synthesis
Dried silk fibroin (SF) fibers were dissolved in a formic acid solution with 4% w/v
calcium chloride at a concentration of 0.15 g/ml. The SF solution was centrifuged to
remove the undissolved residues at 5000 rpm for 10 minutes. h-BN was added into the
solution at atvarious weight ratios to the SF (5%, 10%, 20%, 30%, 40%). For example, 5%
suggests BNSF fibers consist of 95g silk protein and 5 g h-BN. The BNSF solution was
shaken with a vortex mixer for 10 minutes. And the thoroughly mixed BNSF solution was
electrospun into nanofibers with an 20 kV applied voltage at room temperature and relative
humidity about 50%. The solution flow rate was controlled at 20 µml/min using a syringe
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pump (Harvard Apparatus Model 22, Holliston, MA). Electrospun samples were collected
between two parallel metal plates lined with aluminum foil, placed at 4 cm from the needle
tip. The two parallel plates collecting design can help the solvent evaporate faster from the
as-spun fibers and slightly improve the alignment of the fibers as compared to that of the
pad collector. In addition, free standing fiber mesh samples can be collected directly. The
fibers were then dried in a vacuum oven at 40 °C for 24 hours to remove the solvent
residues (verified by FTIR).
5.2.3 Surface Morphology Analysis
The electrospun fibers were characterized with a Leo 1530 VP scanning electron
microscope (SEM) (Oberkochen, Germany). All samples were sputter-coated with gold
before SEM imaging. Experiments were done with an accelerating voltage ranging
between 10 and 20 kV.
5.2.4 Structure Analysis
Structure information of the electrospun fibers was investigated using a Bruker
Tensor 27 Fourier-transform infrared (FTIR) spectrometer (Billerica, MA, USA). The
spectrometer is equipped with a deuterated triglycine sulfate detector and a multiple
reflection, horizontal MIRacle ATR attachment with a Ge crystal (Pike Tech, Madison, WI,
USA). A continuously purging nitrogen gas was provided while t he experiments were
conducted. The spectra were taken at a range of 4000 to 400 cm−1 with 64 background
scans and 64 sample scans at a resolution of 4 cm−1. Each sample was characterized at three
different spots to ensure homogeneity, and the obtained spectra were then all normalized.
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Between each measurement, the ATR crystal was cleaned with a lint-free tissue. The
Fourier self-deconvolution (FSD) was conducted as reported previously.
5.2.5 Thermal Analysis
Thermogravimetric analysis (TGA) of BNSF nanofibers was investigated with a
TA Instruments Q600 SDT instrument (Wilmington, DE, USA). Each sample weighed
between 5-10 mg. Measurements were made from 25 °C to 600 °C at a heating rate of
10 °C/min. All experiments were conducted with continuous nitrogen gas flow rate of 50
ml/min.
Temperature modulated differential scanning calorimetry (TM-DSC) was
performed with a Q100 calorimeter (TA Instruments) equipped with a refrigerated cooling
system. The N2 flow rate was set to 50ml/min, and measurements started at -30 °C and
ended at 400 °C. The temperature increased at a rate of 2 °C/min and was modulated every
60 seconds at an amplitude of 0.318 °C to measure the reversing heat capacity.
5.3 Results and Discussion
5.3.1 Morphology Study
SEM was performed to analyze the morpology and microstructure of the nanofibers.
As seen in Figure 5.1a and b, pure SF nanofibers showed a smooth and uniform surface.
For BNSF samples, h-BN nanosheets can be found either immersed into the fiber matrix
or spread on the fiber surface. The 5% BNSF sample showed the best fiber alignment.
When the concentration of h-BN is 10% or higher, it can be seen that the crosslinking
density between the fibers is significantly increased (Fig. 5.1e, h, k and n), suggesting the
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interactions between h-BN and the silk fibroin become stronger. The 30% and 40% BNSF
samples have a much rougher surfaces due to the high content of h-BN nanosheets. The
pure SF nanofibers had the largest fiber diameter with a size distribution centered around
800 nm, while all other samples showed smaller diameters with an average size of 400~750
nm.
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Figure 5. 1 SEM images of pure SF (a, b), 5% BNSF (d, e), 10% BNSF (g, h), 30%
BNSF (j, k), and 40% BNSF (m, n) nanofibers; Quantitative analysis of diameter
distribution of pure SF (c), 5% BNSF (f), 10% BNSF (i), 30% BNSF (l), and 40% BNSF
(o) nanofibers.
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5.3.2 Structural Study
FTIR spectroscopy was performed to characterize the interaction between h-BN
and silk fibroin and the secondary structure of silk fibroin. All BNSF samples showed two
peaks at 774 and 1364 cm-1, which were attributed to the h-BN sheets [311, 312]. As the
BN content increases, the intensity of these two peaks gradually increases. The raw BN
sheets did not show absorbance in the amide I region. Both the pure SF sample and BNSF
samples show a broad amide I peak, while the peak position of the pure SF sample shifted
from 1649 cm-1 (pure SF) to 1645 cm-1 (40% BNSF). This indicates that the pure SF
nanofibers are mainly composed of α-helical structure (centered at 1650 cm-1), and the
high content of BN nanosheets in BNSF fibers can transform part of the secondary
structures into random coils (centered around 1642 cm-1) [143, 164]. During the
dissolution and fiber drying process, the α-helix structures in the pure SF protein matrix
may be disrupted by the BN nanosheets, and stronger hydrogen bonds were formed
between the nitrogen atoms of the BN and the protein chains, which resulted in a reduction
in the number of α-helixes in BNSF nanofibers [164].
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Figure 5. 2 FTIR spectra of a) electrospun pure SF and BNSF nanofibers and raw BN
sheets; b) the amide I region of pure SF and BNSF nanofibers.

5.3.3 Thermal Stability and Properties Study
Thermal stability of BNSF nanofibers was first studied by TGA (Fig. 5.3), and their
thermal properties are summarized in Table 5.2. Pure BN was highly thermally stable with
only 1.4% weight loss until 600 °C. In Fig 5.3, pure SF and BNSF electrospun nanofibers
all showed a first weight loss step around 55 °C (Fig. 5.3a), which is caused by the
evaporation of bound water molecules. Silk protein can quickly absorb large amounts of
water even in a low humidity environment. The pure SF showed the largest weight loss
about 15% in this region, while the 40% BNSF sample showed the smallest weight loss
about 7.4%. This difference can be attributed to the high hydrophobicity of BN sheets. All
the pure SF and BNSF samples showed a major degradation temperature around 330 °C
(Fig. 5.3b), which is attributed to the major decomposition of the silk proteins. There are
two tiny weight loss steps shifting in the degradation region of 200~300 °C, which may be
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caused by the interactions between the silk protein and the BN. The residual weight of pure
SF and BNSF electrospun fibers at 800 °C is between 43.7-63.6%, and the residual weight
of electrospun fibers generally increases with the increase of BN content, which suggest
that interactions between BN and SF improves the thermal stability of the fibers.
Heat flow curves from TM-DSC scans (Fig. 5.4a) confirmed the bound water
evaporation and protein decomposition temperatures from TGA. The peaks from bound
water evaporation (Tw) are much broader than the protein decomposition peaks (Td), and
the pure SF fibers showed the lowest Tw peak compared to all BNSF fibers, indicating the
interaction between SF and BN molecules has significant impact on the bound water.
Reversing heat capacity curves (Fig. 5.4b) showed that pure SF has the highest onset glass
transition temperature at about 120 °C, while 40% BNSF has the lowest onset glass
transition temperature at about 96 °C. This suggests that amorphous components such as
random coils in silk fibroin gained more mobility when combined with BN nanosheets.

Figure 5. 3Thermogravimetric curves of a) BNSF electrospun fibers and raw BN sheets;
b) display the 1st derivative TG (DTG) curves of the electrospun nanofibers.
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Table 5. 1
Thermal properties of pure SF nanofibers, different BNSF nanofibers and raw BN sheets.

Pure SF

50.8

Tw
(°C)**
66.2

5% BNSF

53.2

87.7

202.7

331.3

319.4

47.4

10% BNSF

57.9

71.3

177.9

331.6

321.3

50.5

20% BNSF

48.5

89.7

185.6

328.5

321.3

55.5

30% BNSF

54.2

74.4

189.5

339.1

327.2

58.2

40% BNSF

47.9

73.3

190.2

330.7

322.8

63.6

Pure BN

N/A

N/A

N/A

N/A

N/A

98.6

Tw (°C)*

Tg (°C)**

Td (°C)*

Td (°C)**

Mass remaining % at
600 °C*

204.9

332.2

319.0

43.7

* data is obtained from TGA analysis; ** data is obtained from DSC analysis.

Figure 5. 4 a) Total heat flow curves of electrospun BNSF nanofibers; b) the reversing
heat capacity curves of BNSF nanofibers. The scans were at a rate of 2 °C/min and
temperature was modulated every 60 seconds at an amplitude of 0.318 °C.
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5.3.4 Mechanism of Self-Assembly
Based on the results of secondary structure analysis from FTIR and the thermal
analysis from TGA and DSC, a mechanism of self-assembly for the BNSF nanofiber
materials is proposed in Figure 5.5. As discussed in Figure 5.2, pure SF and BNSF samples
showed a peak shift between 1645 and 1649 cm-1, which indicated that the electrospun pure
silk fibers are dominated with α-helical structures. After adding the BN nanosheets, the
peak shifted to a lower wavelength, which suggested that the α-helix structure in the protein
matrix is reduced and the random coil structure is increased. The hydrogen bonds between
BN molecules and the protein backbones can effectively disrupt the α-helix structures and
transform them into random coil structures (Fig. 5.5b). Meanwhile, these hydrogen
bonds/interactions between BN and SF proteins at different locations will also increase the
numbers of crosslinks between the nanofibers, as shown in the SEM (Figure 5.1). The
smaller and dispersed distribution of α-helices resulted in higher mobility of the amorphous
components, which in turn resulted in broader and lower glass transition temperatures of
the composite nanofibers (Figure 5.4).
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Figure 5. 5 Mechanism of self-assemble structures of a) pure SF electrospun nanofibers;
b) displays the disrupted secondary structures of silk fibroin by BN nanosheets.

5.4 Conclusion
In this study, the interactions between h-BN nanosheets and silk fibroin proteins in
their electrospun nanofibers were investigated. The morphology and microstructure of the
electrospun fibers were observed using SEM. Pure SF sample showed a smooth fiber
surface with uniform fiber diameter. Electrospun fibers with a high BN content (over 10%)
showed rougher surface morphology and higher crosslink density. FTIR results showed
that BN molecules can form hydrogen bonds with silk proteins and transform the α-helical
structure of pure SF into random coils, which suggests that the composite material has
better flexibility. Due to the high hydrophobicity of BN and the strong interaction of SFBN, pure SF samples showed the highest bound water content and the lowest bound water
evaporation temperature. The good thermal stability of BN can significantly improve the
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thermal stability of electrospun BNSF fibers, and a self-assembly mechanism of
electrospun BNSF nanofiber materials is proposed.
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Chapter 6
Magnetic Biofilms from Silk/Cobalt, Silk/Fe3O4 and Silk/BaFe12o19 Composites
6.1 Introduction
Magnetic nanoparticles have been widely used in the biomedical fields such as
targeted drug delivery, biosensors, cancer treatment and medical imaging, due to their
small size, tunable surface chemistry and controllable magnetization [124, 313-315]. Their
magnetic properties mainly depend on the size, shape and particle distribution, which may
be significantly different from those of their bulk counterparts. Magnetic particles can be
easily functionalized with other biopolymer materials such as proteins to improve their
mechanical flexibility and biocompatibility. BaFe12O19 is a hexagonal magnetoplumbitetype ferrite material [316, 317], which has a remarkably high intrinsic coercivity, saturation
magnetization and Curie temperature [318]. These unusual properties give it great potential
for use in biological science applications. Cobalt is another broadly used magnetic material,
which has stable chemical properties at room temperature, with a Curie temperature of up
to 1121 °C[319]. Fe3O4 has been used in the biomedicine field recently, specifically with
applications on magnetic resonance imaging, targeted drug delivery and tumor
hyperthermia [320-324]. Magnetic Fe3O4 nanoparticles have high biocompatibility and low
cytotoxicity [321, 323], while their production method is simple and low-cost. Due to the
existence of various free radical groups in human body fluids, the direct use of magnetic
particles in the body can be largely limited and even cause harm to the human body.
Therefore, a functional composite material that combines magnetic particles and
biocompatible protein materials can significantly enhance the advantages of the two
components and expand their scope of application.
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Silk fibroin protein materials have shown excellent tensile strength, flexibility and
biocompatibility[140, 188, 295]. Natural silk fibers are composed of sericin coating and
silk fibroin proteins. Sericin as a protective gel coat wraps the silk fibroin, which can be
removed by a degumming process [325]. Silk fibroin protein contains 18 amino acids, of
which simple glycine (Gly), alanine (Ala) and serine (Ser) account for above 70% [142,
326]. The secondary structure of silk fibroin includes β sheets, random coils and α helices
[164, 327, 328], which greatly control the physical properties. For instance, the mechanical
properties of silk fiber can be enhanced by a high content of β-sheet crystals [329, 330].
The highly crosslinked silk fibril network structure through β-sheet crystals is believed to
also cause the insolubility of the regenerated silk materials in water and many mild organic
solvents[295, 331]. Different types of silk materials, such as silk films, gels, particles and
fibers, have shown great potential in biomedical applications [332-335], and by
manipulating their secondary structure, one can control the release time and dose during
targeted drug delivery[328, 336]. A high content of β-sheet crystals, which can be
stimulated through alcohol solutions or water annealing, also helps to improve cell
adhesion and tissue growth [189, 335, 337]. Also, the hydrophilic functional groups on the
network composed of the protein chain and its crosslinked structure can make the material
absorb water while still maintaining its shape and structure well, permitting its use for bone
reconstruction, bioelectronics, and in vivo tumor models [338-340].
In this study, three magnetic nanoparticles, M-type hexaferrite BaFe12O19 (BaM),
Fe3O4, and cobalt (Co) particles were blended with silk fibroin (SF) proteins to form robust
composite films (denoted as BaM-SF, Fe3O4-SF and Co-SF, respectively) by a wetpressing method. Performance of the obtained silk-magnetic functional films were
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comparatively tested at various concentrations of different magnetic particles. The effect
of particle concentration on the secondary structure of silk fibroins was studied by FTIR
analysis. TGA and DSC were used to study the thermal stability and transitions of silkmagnetic composite films, and SEM with EDS was used to characterize the morphology
of the silk films and distribution of the particles while the magnetization was studied by
magnetometry. This comparative study helps us better understand the interactions between
the organic matrix and the inorganic inclusions in composites, which have a variety of
potential uses as sustainable or biomedical materials.
6.2 Experimental Section
6.2.1 Materials and Synthesis
Mori silk cocoons were purchased from Treenway Silks (Lakewood, CO, USA).
To remove the sericin coatings, silk cocoons were first degummed as reported
previously[295]. 10 g of silk cocoons were added to 3 L boiling DI water with 6.36 g of
NaHCO₃ (Sigma-Aldrich, St. Louis, MO, USA). The mixture was kept boiling and stirred
for 30 min. The degummed silk fibers were then removed and rinsed in DI water and the
water was changed every 20 min for 3 times. The degummed silk fibroin fibers were dried
in a vacuum oven overnight. Dried silk fibroin (SF) was dissolved in a formic acid solution
with 4% w/v CaCl2 (AMRESCO Inc, Solon, OH, USA).) at a concentration of 0.15 g/mL.
Silk solution was firstly centrifuged to remove undissolved parts at 5000 rpm for 10 min.
BaM, Fe3O4 and Co particles were added to silk solution at various weight ratios (5%, 10%,
15%, 20% and 30%). More specifically, 5% means that the weight of magnetic particles
accounts for 5% of total weight of silk fibroin and magnetic particles. The mixture solution
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was vortexed for 10 min to disperse the nanoparticles homogeneously throughout the silk
solution.

The

thoroughly

mixed

solution

was

cast

onto

a

self-designed

polydimethylsiloxane substrate and left to dry in fume hood for 24 h (Figure 6.1). All
samples were water annealed in DI water for 30 min. Through this procedure, silk protein
chains in composite films gain additional mobility to self-assemble into a more ordered
structure with high β-sheet crystallinity. In addition, the remaining formic acid and CaCl2
were completely removed as verified by wavelength dispersive X-ray fluorescence analysis.
To obtain aligned molecular chains with magnetic particle in the protein matrix, the just
annealed wet films were also pressed under 500 kPa for 10 min (Figure 6.1), with a wetpressing method [341]. Then, the wet-pressed samples were placed in a vacuum oven at
30 °C for 2 days before testing.

Figure 6.1 Procedures to prepare magnetic silk fibroin composite films.
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6.2.2 FTIR Analysis
A Bruker Tensor Fourier-transform infrared spectrometer (FTIR) was used to
characterize secondary structure and functional groups of the silk-magnetic composite
films. The spectrometer is equipped with a deuterated triglycine sulfate detector and a
multiple reflection, horizontal MIRacle ATR attachment (with a Ge crystal, from Pike Tech.
(Madison, WI)). Experiments were conducted while continuously purging with nitrogen
gas to eliminate unnecessary spectral contributions. The spectra were collected at a range
of 4000 cm-1 to 400 cm-1. Each run included 128 background scans and 128 sample scans
at a resolution of 4 cm-1. Each sample was measured three times, and each run was
conducted a different area or side of the same film. The ATR diamond was cleaned between
samples with methanol and distilled water to remove any residue from the previous sample.
Fourier self-deconvolution (FSD) of the spectrum was conducted as reported previously
[37].
6.2.3 SEM and EDS Analysis
The morphology was characterized with a Leo 1530 VP scanning electron
microscope (SEM) (Oberkochen, Germany). To get the cross section of the composite
films, samples were submerged in liquid nitrogen for 30 seconds each, and then were
broken into small sections. All the samples were coated with gold before imaging. The
characterization was conducted at various magnifications with an accelerating voltage
ranging between 10 and 20 kV. The elemental distribution of magnetic particles in silk
matrix was also characterized by energy dispersive X-ray spectroscopy (EDS, Oxford
Instruments).
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6.2.4 Thermal Property Characterization
Thermal analysis of magnetic silk composite films was conducted with
simultaneous differential scanning calorimetry and thermogravimetric analysis (Q600 TA
Instruments, Wilmington, DE, USA). The experiment was conducted with continuous
nitrogen gas flow rate of 50 mL/min, and each specimen weighed between 5-10 mg.
Measurements were made from 30 °C to 800 °C at a heating rate of 10 °C/min. Thermal
transitions of all the samples were characterized by temperature-modulated differential
scanning calorimetry (TMDSC). The system was purged with dry nitrogen gas at a rate of
50 mL/min and had an internal refrigerated cooling system. Indium was used to calibrate
the heat flow and temperature of the DSC. Each piece of film sample weighed 5-7 mg. The
measurement was conducted with Al pans at a heating rate of 2 ℃/min with a modulation
period of 1 min and set temperature amplitude as 0.318 K, from -40 ℃ to 400 ℃.
6.2.5 Magnetic Characterization
Magnetic properties were characterized with a vibrating sample magnetometer
(VSM) attachment to a Physical Property Measurement System (PPMS, Quantum Design,
San Diego, CA, USA). Measurements were done at room temperature with magnetic fields
up to 4 T. The procedure is summarized in Supplemental Figure 1.
6.3 Results and Discussion
6.3.1 Structural Analysis
FTIR is an effective tool to characterize the secondary structure and functional
group of silk protein materials [164, 327] (Figure 6.2). For Fe3O4-SF samples, there is a
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sharp peak at 1622 cm-1, suggesting the β-sheet crystal structures are dominant. However,
the peak shoulder at 1646 cm-1 (random coils structures) increased with Fe3O4 content,
indicating that relative fraction of β-sheet crystals decreased. All BaM-SF samples also
showed a sharp peak at 1620 cm-1, indicating a predominant β-sheet secondary structure
due to the wet-pressing method. The peak at 1650 cm-1 slightly increased when more
nanoparticles were present, suggesting that the BaM particles in the silk matrix can also
slightly enhance the formation of alpha helix or random coils structures. However, this
structural change is not as significant for the Fe3O4-SF samples. Compared to the FTIR
patterns of BaM-SF and Fe3O4-SF, Co-SF samples showed much sharper peaks at 1622
cm-1, suggesting it has the highest β-sheet crystal content among the three types of magnetic
inclusions. In addition, the shoulder at 1651 cm-1 decreased with the increase of Co particle
content. In the amide II region, all three types of composite films showed peaks around
1615 cm-1, which suggests Tyr side chains structure.
A quantitative analysis of the secondary structure contents was performed with FSD
(Fig. 6.2b, d, and f) [164]. It shows that β-sheet content of SF sample is around 39%
composed of mainly inter-molecular β sheets [295]. The β-sheet content of the Fe3O4-SF
samples decreases with Fe3O4 content, reaching 33% at 30 wt%, while the random coils
content increased 29-32% slightly. Similar behavior was found in BaM-SF samples, where
the β-sheet content decreased slightly with increase in BaM weight fraction, while the
random coils content nominally increased. In contrast, for the Co-SF samples, the
secondary structure remained effectively unchanged.
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Figure 6.2 FTIR spectra of a) Fe3O4-SF, c) BaM-SF and e) Co-SF composite films.
Secondary structure contents of b) Fe3O4-SF, d) BaM-SF and f) Co-SF calculated from a
Fourier self-deconvolution curve fitting method.
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6.3.2 Morphology Analysis
Surface and cross-section morphology of SF and magnetic silk composite films are
shown in Figure 6.3. Squamous patterns evenly spread out across the cross section of SF
and 20% BaM-SF films (Figure 6.3a and e). Cross section of 20% Fe3O4 (Figure 6.3c)
showed a rougher morphology with wrinkles and densely distributed particles. Cross
section of 20% Co-SF (Figure 6.3g) showed evenly distributed holes with connected
wrinkles. When comparing the surface samples to the cross-sectional, the surface seems to
be much more homogenous, containing fewer aggregates and wrinkles. SF film shows a
smooth and uniform surface (Figure 6.3b). 20% BaM-SF sample (Figure 6.3f) showed a
relatively rough surface, and BaM particles distribute homogenously instead of forming
big aggregates. Compared to the surface morphology of 20% BaM-SF, 20% Fe3O4 (Figure
6.3d) and 20% Co-SF (Figure 6.3h) films showed smooth and uniform surface morphology
with shallow pits.
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Figure 6.3 a, c, e and g are the cross section of SF film, 20% Fe3O4-SF, 20% BaM-SF
and 20% Co-SF composite, respectively. b, d, f and h are the surface morphology of SF
film, 20% Fe3O4-SF, 20% BaM-SF and 20% Co-SF composite, respectively.
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6.3.3 Thermal Analysis
Thermal stability of the silk magnetic composite films was characterized by TGA
(Figure 6.4). All three types of magnetic particles are thermally stable with no degradation
for all of them up to 800 °C. All Fe3O4-SF composite films showed a small degradation
between 209~226 °C (Td1), a major degradation between 296~303 °C (Td2) and a third
degradation around 650 °C (Td3). The residual weight of Fe3O4-SF samples at 800 °C was
between 26.6% to 48.2%, which generally increased with Fe3O4 content. All BaM-SF
composite films showed a small degradation between 238-251 °C (Td1) and a major
degradation between 301-309 °C (Td2). When the BaM concentration was 10% or above,
a third degradation was found around 700 °C (Td3). The residual weight of BaM-SF
samples at 800 °C was between 27.1% to 46.1%, and the residual weight of increased with
BaM content. All Co-SF composite films showed a small degradation at 214~233 °C (Td1)
and a major degradation at 300~307 °C (Td2). The residual weight of Co-SF samples at
800 °C is between 27.1% to 55.1%, and increased with Co content. However, no third
degradation peak (Td3) was observed around 600~700 °C for any of Co-SF samples. The
first small degradation is mainly from the unstable part of silk proteins [282, 342, 343].
BaM-SF samples showed a higher Td1 than that of the other two types of composites,
suggesting that BaM particles were able to best protect silk materials. The third degradation
for Fe3O4-SF and BaM-SF samples is probably from a stable phase that formed when the
Fe combined with the silk protein.
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Figure 6.4 Thermogravimetric curves of a) Fe3O4-SF, c) BaM-SF and e) Co-SF
composite films. The 1st derivative TG (DTG) curves of b) Fe3O4-SF, d) BaM-SF and f)
Co-SF composite films.
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Table 6.1
Thermal properties of Fe3O4-SF, BaM-SF and Co-SF composite films
Tw (°C)

Td1 (°C)

Td2 (°C)

Td3 (°C)

SF

48

245

308

-

5% Fe3O4-SF

49

219

303

657

10% Fe3O4-SF

52

226

297

659

20% Fe3O4-SF

46

209

296

641

30% Fe3O4-SF

50

215

303

650

5% BaM-SF

63

250

308

-

10% BaM-SF

64

251

309

708

20% BaM-SF

60

250

306

697

30% BaM-SF

61

238

301

696

5% Co-SF

52

233

300

-

10% Co-SF

54

234

307

-

20% Co-SF

50

223

307

-

30% Co-SF

52

214

303

-

Note. Data was obtained from TGA. The weight derivative peak position was used as the
degradation temperature.

Heat flow and reversing heat capacity of magnetic silk composite films are shown
in Figure 7.5. Heat flow analysis shows that all three type composite films have a major
degradation about 260 °C, which is from the decomposition of silk proteins. The
amorphous part of the polymer has a greater mobility with increasing temperature, which
is defined as the glass transition. The glass transition is gradual and reversible, and the heat
capacity of the polymer changes dramatically during this transition[344]. All Fe3O4-SF
samples showed a similar glass transition temperature at around 172 °C. The glass
transition temperature of BaM-SF composite films increased from 172 °C for SF, to 192 °C
for 30% BaM-SF, suggesting that the mobility of the amorphous structure in BaM-SF
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composites can be tuned by the BaM particles. All Co-SF composite films showed a glass
transition temperature around 180 °C.

Figure 6.5 Heat flow of a) Fe3O4-SF, c) BaM-SF and e) Co-SF composite films.
Reversing heat capacity of b) Fe3O4-SF, d) BaM-SF and f) Co-SF.
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6.3.4 Magnetization Analysis
Magnetization of the three types of composite films showed typical ferromagnetic
behavior with coercive field of about 128 Oe, 3660 Oe and 165 Oe for Fe3O4, BaM and Co
nanoparticles, respectively (Figure 6.6a-c). The dependence of the magnetization on weight
fraction of magnetic particles are shown in Figure 6.6d. The saturation magnetization Ms
of Fe3O4, BaM and Co nanoparticles is about 61 emu/g, 68 emu/g and 156 emu/g,
respectively. Since silk protein matrix has magnetic susceptibility near zero, it can be
assumed that the moment of the composite films depends only on the net weight of the
magnetic particles. Therefore, one would anticipate that the Ms value of the composite
should be about xMs, where x is the weight fraction of magnetic particles. All samples
display a linear dependence of Ms on weight fraction; however note that neither line
intercepts the origin. Presumably, all three types magnetic particles partially dissolved in
the formic acid solution, saturating the solution at about 3.7 wt%, 3.4 wt % and 1.1 wt %
(horizontal intercept of the graph) for Fe3O4, BaM and Co particles, respectively. In any
case, at sufficient loading, of three types of composite films maintain a sizable
magnetization for potential use in MRI imaging or targeted drug delivery.
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Figure 6.6 Magnetization and Hysteresis loops of a) Fe3O4-SF, b) BaM-SF and c) Co-SF
composite films at room temperature. (d) Saturation moment of Fe3O4-SF, BaM-SF and
Co-SF composite films as a function of the magnetic particle content.

6.3.5 Self-Assembly Mechanism
With the experimental evidence and analysis provided above, I can confirm that
Fe3O4 and BaM particles can slightly prevent the β-sheet crystal formation, suggesting that
the Fe3O4-SF and BaM-SF composite films have more noncrystalline structures. This is
probably caused by the strong coordination bonding between Fe3+ ions and carboxylate
156

ions on silk fibroin chain [345-347]. Most β-sheet crystals usually formed during the water
annealing and wet pressing process. However, when the Fe3O4 and BaM particles were
present, the strong coordination bonding limited the mobility of silk fibroin chain,
interrupted the regularly arrange chains and further prohibit the β-sheet crystal formation.
On the other hand, the amount of dissolved Co is minimal as compared to that of the Fe
and so the addition of Co nanoparticles has minimal effect on the secondary structure.

Figure 6.7 Mechanism of Fe3O4, BaM and Co magnetic particles on the secondary
structures of silk protein.
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6.4 Conclusion
In this study, effects of three commonly used biocompatible magnetic particles on
silk protein secondary structures and properties were discussed. Structural analysis using
FTIR indicated that Fe3O4 and BaM particles prohibited β-sheet crystal formation, while
the addition of Co particles had minimal effect. The decrease of crystal structure is
probably caused by the strong coordination bonding between Fe from Fe3O4/BaM and
carboxylate ions on silk fibroin chains. The magnetization studies indicated that almost 4
wt% was dissolved and this likely led to the formation of the phases that coincide with the
high temperature degradation (> 640 °C) that was seen in both Fe3O4-SF and BaM-SF
composites. All three types of magnetic composite films maintained high magnetization,
suggesting potential biomedical applications such as MRI imaging, tissue regeneration,
magnetic hyperthermia and controlled drug delivery in the future.

158

Chapter 7
Magnetic Nanofibers from Silk/ BaM Composites
7.1 Introduction
Magnetic materials are beginning to play a significant role in the biomedical field.
Through the use of an external magnetic field, magnetic nanoparticles (MNPs) can be
influenced to perform tasks such as delivering drugs to specific sites of the body [348-350]
or increasing the temperature in a specific region of the body to eliminate malignant cells
[351-353]. Attaching biological labels such as antibodies to MNPs allows them to detect
various biomolecules so they can be used in biosensors and in the diagnosis of certain
ailments [354, 355].
Incorporating magnetic nanoparticles into biocompatible polymers provides a
means to protect the magnetic material from its surrounding environment as well as
shielding a living organism from the potential toxicity of the compound [356]. In tissue
engineering, cells can be magnetically labeled so that a magnet can guide the cells to form
desired two-dimensional and three-dimensional structures to later differentiate and form
desired tissues. A magnetic polymer scaffold could be used as a more localized and
noninvasive means of using the many applications of MNPs in vitro and in vivo [357].
Primarily, magnetic scaffolds could enhance tissue engineering by directing magnetically
labeled cells, growth factors, and other needed material in a way that contributes to tissue
development both before and after implantation into the body [358]. The use of an external
magnetic field to cause physical changes in the magnetic scaffolds, like stretching or
contracting [359, 360], could provide mechanical cues to cells that could also help tissue
development [361]. Additionally, drugs labeled with MNPs could be led by the scaffold to
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specific regions of the body, or an external magnetic field could be used to change the
dimensions of the scaffold and cause the scaffold to release drugs as needed by the body
[124, 361, 362].
Silk is one of the commonly natural polymer used to make protein-based
biomaterials [3, 125, 295, 363]. Silk fibers mainly consist of the protein fibroin, which
appears as a double-stranded fiber, and sericin, which coats the fibers and bonds them
together. Silk fibroins can be easily fabricated into various structures such as films, fibers,
gels, particles and scaffolds [125, 310, 338, 364-366]. Due to its predominant β-sheet
crystal structure, silk fibroins are also known to have excellent mechanical stability and
tunability in terms of its biodegradation rates and mechanical properties [154, 194, 270,
296]. The physical and chemical properties of silk fibroins can vary based on different
amino acid sequences, artificial treatments with substances such as methanol, and
composites resulting from mixing silk with various other materials [125, 367]. Recently, a
water annealing method was found to induce up to 30% crystallization of β-sheets [188,
189]. That crystalline structure in the silk protein matrix can act as a crosslinker to
efficiently encapsulate small inclusions such as nanoparticles or inorganic drugs in the
matrix [188, 189].
In this study, biocompatible M-type barium hexaferrite (BaFe12O19 or BaM) was
added into the B. Mori silk fibroin protein, and fibers were produced by electrospinning
[289, 366, 368, 369]. The objective was to develop composites whose properties can be
modified to fit the application. I have investigated the interaction between the magnetic
inclusions and the protein matrix, measured their physical properties and analyzed the
160

magnetic field dependence of the cytotoxicity of these hybrid fibers with human embryonic
kidney cell proliferation.
7.2 Materials and Methods
7.2.1 Raw Materials
Bombyx mori silk cocoons were purchased from Treenway Silks (Lakewood, CO,
USA). Silk cocoons were firstly degummed by boiling in a 0.02 M NaHCO3 (SigmaAldrich, St. Louis, MO, USA) solution for 30 min. Then the degummed fibers were rinsed
three times in DI water to thoroughly remove the sericin coatings. The rinsed fibers were
dried in a vacuum oven overnight. The following materials were used as purchased: Mtype barium hexaferrite (BaFe12O19), Alfa Aesar (MA, USA); formic acid (ACS Grade
98%), EMD Millipore Corporation (Burlington, MA, USA); and anhydrous calcium
chloride, AMRESCO Inc. (Solon, OH, USA).
7.2.2 Material Synthesis
Dried silk fibroin (SF) was dissolved in a formic acid solution with 4% w/v calcium
chloride at a concentration of 0.15 g/mL. The SF solution was centrifuged to remove the
undissolved parts at 5000 rpm for 10 minutes. BaM was added to the solution in various
weight ratios to the silk fibroin, inculding BaM/SF= 0 (0% BaM), 1/20 (~4.8% BaM), 1/10
(~9.1% BaM), 1/4 (20% BaM), 1/2 (~33% BaM). The SF/BaM solution was shaken with
a vortex mixer for 10 minutes. The thoroughly mixed BaM/SF solution was electrospun
into nanofibers with an 18-kV applied voltage at room temperature and relative humidity
between 45 and 65%. A syringe pump (Harvard Apparatus Model 22, Holliston, MA) was
used to control the solution flow rate at 15 µml/min. Electrospun samples were collected
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between two parallel metal plates lined with aluminum foil, placed at 4 cm from the needle
tip (Figure 7.1). Collecting from the two parallel plates can help the solvent evaporate faster
from the as-spun fibers and slightly improve the alignment of the fibers as compared to
that of the pad collector[292]. In addition, free standing fiber mesh samples can be
collected directly. The fibers were then dried in a vacuum oven for 24 hours.
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Figure 7.1 A diagram shows procedure to prepare SF/BaM solution and electrospun
SF/BaM composite nanofibers.
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Samples collected directly from the vacuum oven are called as-spun (AS) samples.
Some as-spun samples were then annealed in DI water for 1 h and then dried in a vacuum
oven for another 24 h are designated water-annealed (WA) samples. To further check the
impact of stretching on the alignment of the electrospun fibers, the just annealed wet 1/20
BaM/SF sample was stretched at 110%, 150% and 200% ratio to its original length before
the drying procedure. The 100% (original length) 1/20 BaM/SF sample was used as a
control. Stretched electrospun fibers were immediately fixed at two ends and held in DI
water for 30 min, and then dried in the vacuum oven for 24 h.
7.2.3 Surface Morphology Characterization
The electrospun fibers were imaged with a Leo 1530 VP scanning electron
microscope (SEM) (Oberkochen, Germany). All samples were sputter-coated with gold
before SEM imaging which was done with an accelerating voltage ranging between 10 and
20 kV.
7.2.4 Structure Characterization
A Bruker Tensor 27 Fourier-transform infrared (FTIR) spectrometer (Billerica, MA,
USA) was used to investigate the structure information of the electrospun fibers. The
spectrometer is equipped with a deuterated triglycine sulfate detector and a multiple
reflection, horizontal MIRacle ATR attachment with a Ge crystal (Pike Tech, Madison, WI,
USA). Experiments were conducted while continuously purging with nitrogen gas. The
spectra were taken at a range of 4000 to 400 cm−1 with 64 background scans and 64 sample
scans at a resolution of 4 cm−1. Each sample was characterized at three different spots to
ensure homogeneity, and the obtained spectra were then all normalized. Between each
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measurement, the ATR crystal was cleaned with a lint-free tissue. The Fourier selfdeconvolution (FSD) was conducted as reported previously [164].
7.2.5 Thermal Stability Characterization
Thermal analysis of BaM/SF electrospun fibers was conducted with simultaneous
differential scanning calorimetry and thermogravimetric analysis (Q600 TA Instruments,
Wilmington, DE, USA). The experiment was conducted with continuous nitrogen gas flow
rate of 50 mL/min, and each specimen weighed between 5-10 mg. Measurements were
made from 30 °C to 800 °C at a heating rate of 10 °C/min.
7.2.6 Mechanical Testing
Mechanical properties of samples were characterized with an EZ tensile tester
(Shimadzu, Kyoto, Japan). The electrospun fiber mesh was cut into a rectangular shape
with length 10 mm and width 3 mm. The average thickness of the electrospun fiber mesh
was around 0.1 mm. Each end of the sample was fixed with adhesive tape which was then
placed between the test clamps. Tensile tests were executed at 5 mm/min until specimen
failure. The cross-sectional area of the specimen was used to calculate the stress and
Young’s modulus of the electrospun fiber mesh.
7.2.7 Magnetic Property Characterization
Physical property measurement system (PPMS, Quantum Design, San Diego, CA,
USA) with a vibrating sample magnetometer (VSM) attachment was used to measure the
magnetic properties. The experiment was performed at room temperature with magnetic
fields up to 4 T. The procedure of measurements is summarized in Figure 7.2.
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Figure 7.2 Procedure of magnetic properties measurements of BaM/SF nanofibers. The
measurement is conducted at room temperature with an external magnetic field ranging
from -4 T to 4 T. Magnetic field changes around 0.01 Oe between two measurements,
and the measurement sensitivity of the system is less than 10-6 emu at a data rate of 1 Hz.

7.2.8 Biocompatibility Study
Mesh of the annealed samples (n=8 per set) were cut into the disc shapes the same
size as the culture plate wells, and placed into 96-well tissue culture plates. The samples
were first sterilized with UV light for 24 h before adding the cell culture medium
(Dulbecco's modified Eagle's medium (HyClone, with 4.00 mM L-Glutamine and 4500
mg/L Glucose), supplemented with 10% fetal bovine serum (Life Technologies Inc.) and
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100 U/mL Penicillin-Streptomycin (Thermo Fisher Scientific Inc., USA)). After 12 h,
human embryonic kidney cells (HEK293) from ATCC: cr1-322 (American Type Culture
Collection) were plated into the 96-well plate. Two sets of cell studies were performed:
One set of experiments was performed with in a magnetic field of 1 T, and the other set
was performed without an external magnetic field. Cells cultured on the pure silk fibroin
fibers mesh in the plate with or without magnetic field were used as controls, respectively.
After incubating the cells in an atmosphere of 95% air, 5% CO2, at 37°C for 48 h, cell
numbers were acquired with a 3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium
bromide (MTT) assay.
7.3 Results and Discussion
7.3.1 Morphology Analysis
All as-spun (AS) samples showed smooth and uniform surfaces (Fig. 7.3a, d, g
and j) for BaM/SF= 0, 1/20, 1/10, 1/4; however, the AS 1/2 BaM/SF samples has a
rougher surface (Fig. 7.3m) due to the high content (~12 vol%) of BaM nanoparticles in
the SF matrix. The AS 0 (pure SF) sample had the largest fiber diameter with a size
distribution centered around 2 µm (Fig. 7.3b), while all other AS samples showed a
smaller diameter with an average diameter of 1.6 µm or less (Fig. 7.3e, h, k, n),
suggesting substantial interaction between the protein and the inclusions. In comparison,
electrospun water-annealed (WA) fibers (Fig. 7.3c, f, I, and o) were completely
physically cross-linked by the β-sheet crystals in the silk proteins (see FTIR section),
unlike the overlapping pattern of the AS samples or other electrospun synthetic polymer
nanofibers [370-372]. Generally, all WA samples showed a dense mat-like pattern of
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fibers embedded within a matrix. Basically, water annealing caused the fibers to be
closer to each other with smaller scaffold pores although the alignment remained
unchanged.

Figure 7.3 SEM images of as-spun (AS) fibers, diameter distribution of as-spun (AS)
fibers and SEM images of water-annealed (WA) fibers, respectively, for BaM/SF= 0 (ac), 1/20 (d-f), 1/10 (g-i), 1/4 (j-l), and 1/2 (m-o). The scale bar for all the images is 10
μm.
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7.3.2 Structural Analysis
FTIR spectroscopy was performed to characterize effects of BaM content and water
annealing treatment on the secondary structures of SF proteins. All AS samples showed a
similar pattern in the amide I region with a peak centered around 1640 cm-1 for AS 0 (pure
SF) fibers that slightly shifted to 1643 cm-1 for AS 1/2 BaM/SF fibers, which indicates that
the structure of AS fibers was dominated by random coils. In the amide II region, AS
samples showed a peak centered around 1540 cm-1 with a shoulder around 1514 cm-1,
which typically suggests a loose side-chain group in the protein matrix [175, 188, 189, 373].
In comparison, the amide I peak of the WA samples all shifted to around 1621 cm-1,
indicating a predominant β-sheet crystal structure. In the amide II region, the peak at 1540
cm-1 disappeared while the peak at 1514 cm-1 became sharp, suggesting a tightly packed
protein matrix with side-chain groups such as tyrosines outside the protein backbones [188,
189].
More quantitative analysis of the secondary structure content was done with a
Fourier self-deconvoluted curve fitting method [98, 164] (Fig. 7.4c, d, and Fig. 7.5). It
shows that β-sheet content of the AS samples is around 20% and probably dominated by
intra-molecular beta sheets [3, 125, 295]. The beta sheet content of the WA samples is
about 35-38% with perhaps a small decrease with BaM content. It has been well established
that water annealing can induce the formation of β-sheet crystalline structure in SF [189],
which could play the role of crosslinkers to encapsulate the nanoparticles in the protein
matrix. It was also found that random coils content of AS fibers was about 42% and
decreased to about 30% after annealing.
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Figure 7.4 FTIR spectra of a) AS and b) WA fibers. Secondary structure contents of c)
AS and d) WA fibers. Note that the secondary structure content depends strongly on
processing but is effectively independent of BaM content with AS fibers containing
mostly random coils and WA dominated by beta sheet crystals.
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Figure 7.5 Examples of Fourier self-deconvoluted curve fitting method for (a) AS SF
sample, and (b) WA SF sample.

7.3.3 Thermal Stability Analysis
Thermal stability was characterized by TGA (Fig. 7.6), and the thermal properties
are summarized in Table 7.1. For the AS 0 (pure SF) sample, a 16.3% weight loss was
found at 173 °C due to the evaporation of bound water in contrast to 5.9% weight loss
found in the WA 0 (pure SF) sample at the same temperature. This difference is probably
due to the larger content of random coils in the AS samples, which can maintain more
bound water molecules in the matrix. All AS samples showed a small degradation around
220 °C (Td1) and a major degradation around 310 °C (Td2). In comparison, the water
annealed pure SF sample only showed a significant degradation peak around 267 °C
(Td2), indicating that the silk proteins were tightly bounded with the BaM nanoparticles
after the water annealing treatment, and thus only one major degradation from the
composites was observed. For WA samples with more than 5% BaM nanoparticles, there
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is an additional degradation peak (Td3) near 700 °C which is absent in the AS samples.
This may indicate that some parts of water-annealed composites with strong molecular
interactions are so stable that decompose only at high temperatures. The residual weight
of AS samples at 800 °C is between 35-38%, while the residual weight of WA samples
generally increases with BaM content, which again suggest that the water annealing
process improves the thermal stability of the fibers.

Figure 7.6 Thermogravimetric curves of a) AS and b) WA fibers. c) and d) display the 1st
derivative TG (DTG) curves of AS and WA fibers, respectively.
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Table 7.1
Thermal properties of AS and WA electrospun fibers
Tw (°C)

Td1 (°C)

Td2 (°C)

Td3 (°C)

Pure SF

58

267

318

-

1/20 BaM/SF

47

265

311

-

1/10 BaM/SF

66

224

317

-

1/4 BaM/SF

81

223

315

-

1/2 BaM/SF

77

227

318

716

WA Pure SF

34

-

263

-

WA 1/20 BaM/SF

38

-

270

-

WA 1/10 BaM/SF

39

-

267

708

WA 1/4 BaM/SF

33

-

262

707

WA 1/2 BaM/SF

36

-

269

676

7.3.4 Mechanical Properties
Results of stress-train tensile test are shown in Figure 7.7 and are summarized in
Figure 7.8. The ultimate strength of AS samples gradually decreased from the maximum
for pure SF (~ 1 GPa) (Fig. 7b) while the Young’s modulus of all AS samples was similar
(Fig. 7.8a), both results being attributed to the weak bonding between the SF matrix and
the BaM inclusions. This is in accord with the smaller diameter of the AS fibers when BaM
was incorporated. On the other hand for WA composites, while the WA 0 (pure SF) sample
showed the highest ultimate strength (~1 GPa) it also had lowest value for Young’s
modulus (1.0 GPa). As expected for composites with strong interfacial bonding, Young's
modulus of the WA samples increased with BaM content. The AS samples generally
showed much higher strain elongation ratio (1.5~2 times) than that of their WA
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counterparts (Fig. 7.8c), which indicates that the annealed samples may lose some
flexibility of the materials due to the high crystallinity. The average strain ratio of the WA
samples was in the range of 45% to 55%.

Figure 7.7 Representative stress-strain curves of (a) AS and (b) WA fibers.
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Figure 7.8 (a) Young’s modulus, (b) ultimate strength, and (c) strain ratio of AS and WA
fibers.

7.3.5 Post-Stretching Study
As discovered in the mechanical study, the Young's modulus of the as-spun
samples is very small, and their strain ratios can be quite large. It was hypothesized that
the fiber alignment could be improved by stretching the AS fibers while being annealed
in water. To further investigate the effect of stretching on the electrospun fibers
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alignment, AS 1/20 BaM/SF samples were stretched to different ratios, and the ends were
fixed while the sample was annealed in deionized water. As the draw ratio increased, the
alignment of the fiber improved (Fig. 7.9a-d) so that at an elongation of 100%, the fibers
became parallel to each other (Fig. 7.9d). Natural silk fibroin consists of a large
proportion of α-amino acids, glycine, alanine, and serine [374, 375], and the water
molecule functions as plasticizer while the stretched fibers were annealed in DI water,
giving the amorphous part of the fiber much higher mobility [189, 376, 377]. Stretching
improves the alignment of the fibers while the drying procedure can fix the alignment of
the fibers.

Figure 7.9 SEM images of annealed and stretched 1/20 BaM/SF nanofiber sample: (a)
100% (original fiber), (b) 110%, (c) 150%, and (d) 200% of the original length; The inset
graph in 3c and 3d show the 150% and 200% stretching setup, respectively; the scale bar
is 5 μm.
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7.3.6 Magnetic Properties
All BaM-containing samples showed typical ferromagnetic behavior with coercive
field of about 8.33 kOe (Fig. 7.10a and 7.10b). The dependence of the magnetization on
weight fraction of BaM is shown in Fig. 7.10c. The saturation magnetization Ms of BaM is
about 69 emu/g. Assuming that there were no changes in the magnetic properties of the
BaM due to processing, the Ms value of the composite should be about 69x emu/g, where
x is the weight fraction of BaM. Note that there is a linear relationship between the weight
fraction and Ms except it does not go through the origin. Presumably, the BaM
nanoparticles dissolved in the formic acid solution, saturating the solution at about 4 wt %
(horizontal intercept of the graph) with any additional BaM nanoparticles remain unaltered.
Since BaM is a hard magnet, the composites maintain a strong permanent magnetic
moment for consideration in use biomedical applications such as magnetic thermotherapy
and tissue engineering (Fig. 7.10d).
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Figure 7.10 Magnetization and Hysteresis loops of (a) AS and (b) WA fiber samples at
room temperature. (c) Saturation moment of AS and WA BaM/SF nanofibers as a
function of the magnetic particle content. (d) Photo of a AS 1/4 BaM/SF mesh attracted
to a magnet.

7.3.7 Biocompatibility Analysis
WA fiber meshes were placed into cell culture plates, seeded with human
embryonic kidney cells (HEK293) for in vitro biocompatibility study. Since the culture
medium was water-based, AS samples would be transformed to the WA samples during
the multiday cell study, and so they were not tested separately. WA fibers promoted cell
growth significantly (Fig. 7.11), since the porous 3D structure of the mesh provided more
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space for cells to proliferate. In the absence of magnetic field, cell growth increased slightly
with increasing BaM content (Fig. 7.11), indicating that the composite system is noncytotoxic to human cells and biocompatible for various medical applications. However,
when field was applied, there was enhanced cell growth in samples with BaM, and that was
most significant for the WA 1/20 and WA 1/10 samples.
I propose the following mechanism for human cell proliferation in BaM/SF
composites: the initial AS fibers are dominated by random coils (Fig. 7.12a), which have
weak interaction with the BaM nanoparticles; after water annealing, the magnetic
nanoparticles were encapsulated into the protein matrix due to the formation of beta-sheet
crystals as crosslinkers (Fig. 7.12b), as both the thermal stability and mechanical strength
of the fibers were enhanced; under the influence of an external magnetic field, the fiber
matrix can further shrink during cell proliferation and provide cells with a smaller moving
gap/distance during migration and proliferation in the scaffold matrix (Fig. 7.12c).
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Figure 7.11 Comparison of cell viability of HEK293T cells cultured on the pure SF and
BaM/SF hybrid fibers with or without an external magnetic field. The t-tests were
performed between indicated groups (*: p<0.01).
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Figure 7.12 Mechanism of silk-BaM magnetic materials. (a) As-spun BaM/SF fibers are
dominated by random coils; (b) after water annealing, the magnetic nanoparticles were
further encapsulated into the protein matrix due to the formation of beta-sheet crystalline
as crosslinkers; (c) by adding an external magnetic field, the proliferation of human cells
on the annealed magnetic nanofiber matrix can be further enhanced, which may be due to
the mechanical deformation of the protein scaffold under the magnetic field to help the
cells migrate and interact with each other.
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7.4 Conclusion
This study investigated the structure, physical properties and cytotoxicity of silk
fibroin-barium hexaferrite composite fibers produced by electrospinning. Through a waterannealing method, the physical properties of the fiber materials were significantly altered
due to an increase in beta sheet crystallinity. The treatment led to increased mechanical
strength and thermal stability of the material. In all cases, the magnetism of the barium
hexaferrite was maintained. The cytotoxicity was low and the magnetic inclusions in the
fibers led to mechanical deformation during application of magnetic field which promoted
the growth of human cells on the surface. Such materials provide great potential for use in
a wide range of biomedical applications.
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Chapter 8
Conclusion
The overall goal of this project was to develop silk protein-based composite
materials with tunable heat transfer and magnetic properties. Chapter 1 reviewed the
properties of protein-based materials and their applications, background information of
thermal transport mechanism and measurement approaches, background information of
magnets and measurement approaches. Chapter 2 presented a mechanism study on the
structure and insolubility of the silk materials from five different species regenerated from
a formic acid-CaCl2 method. It reveals that the secondary structures of silk-FA films are
different from those of their natural silk fibroin fibers, which are typically dominated by
stacked intermolecular β-sheet crystals. In addition, the intramolecular β-sheet content of
the silk-FA films is much higher than that regenerated from the traditional water-based
method, causing silk-FA films to become insoluble in water. These results show that the
intermolecular hydrogen bonds within β-sheets crystals in the silk fibers can be quickly
disrupted during the dissolving process and allow a film network structure dominated by
intramolecular β-sheets to form. This comparative study offers important insight into how
to manipulate the secondary structures of silk-based biomaterials to tune its properties,
which is important to design silk protein-based composites with tunable physical properties.
In the SF/AlN composites, the the β-sheet crystal content of the SF component
decreases as the AlN content increases. AlN/SF has good thermal stability, low linear
thermal expansion, and higher stiffness while maintaining flexibility. The thermal
conductivity of AlN/SF is also significantly improved, which result from AlN forming
networks to provide paths of low thermal resistance. This is aided by the strong hydrogen
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bonding between the AlN and SF which reduced the interfacial phonon scattering. This
work demonstrates that there can be significant interaction between organic and inorganic
phases in composite materials, and the effects can be synergistic to create greatly enhanced
materials which can be tailored for a variety of applications. The BNSF film shows
enhanced thermal conductivity of up to 15 W m−1 K−1 in the in-plane direction and has
sizable anisotropy. The enhanced thermal conductivity and accompanying anisotropy are
attributed to the good alignment of the BN nanosheets and the strong interaction between
the BN and SF matrix. The BNSF composites also have low coefficient of linear thermal
expansion and are reasonably stiff yet maintain flexibility. These composites also have
good electrical insulation and flame retardancy and shows promising potential as green and
renewable materials for thermal management in electronic devices. For the electrospun
BNSF fibers, pure SF sample showed a smooth fiber surface with uniform fiber diameter.
Electrospun fibers with a high BN content (over 10%) showed rougher surface morphology
and higher crosslink density. Results indicate that BN molecules can form hydrogen bonds
with silk proteins and transform the α-helical structure of pure SF into random coils, which
suggests that the composite material has better flexibility. Due to the high hydrophobicity
of BN and the strong interaction of SF-BN, pure SF samples showed the highest bound
water content and the lowest bound water evaporation temperature. The good thermal
stability of BN can significantly improve the thermal stability of electrospun BNSF fibers,
and a self-assembly mechanism of electrospun BNSF nanofiber materials is proposed.
Silk protein based magnetic composites in both 2D film and 1D fiber form were
investigated. Structural analysis results indicated that Fe3O4 and BaM particles prohibited
β-sheet crystal formation, while the addition of Co particles had minimal effect. The
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decrease of crystal structure is probably caused by the strong coordination bonding
between Fe from Fe3O4/BaM and carboxylate ions on silk fibroin chains. The
magnetization studies indicated that almost 4 wt% was dissolved and this likely led to the
formation of the phases that coincide with the high temperature degradation (> 640 °C)
that was seen in both Fe3O4-SF and BaM-SF composites. All three types of magnetic
composite films maintained high magnetization, suggesting potential biomedical
applications such as MRI imaging, tissue regeneration, magnetic hyperthermia and
controlled drug delivery in the future. Through a water-annealing method, physical
properties of the electrospun silk fibroin-barium hexaferrite composite fibers were
significantly altered due to an increase in beta sheet crystallinity. The treatment led to
increased mechanical strength and thermal stability of the material. In all cases, the
magnetism of the barium hexaferrite was maintained. The cytotoxicity was low and the
magnetic inclusions in the fibers led to mechanical deformation during application of
magnetic field which promoted the growth of human cells on the surface. Such materials
provide great potential for use in a wide range of biomedical applications.
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